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C H A P T E R I 
INTRODUCTION 
I.1. THE MOSSBAUER EFFECT 
Since its discovery by Mossbauer in 1951» the phenomenon of nuclear 
recoilless γ-ray emission, usually named the Mossbauer Effect, has rapidly 
developed into a widely used tool in the investigation of solids. As such, 
it can be compared with paramagnetic and nuclear magnetic resonance, that 
have many applications in common with the Mossbauer Effect. In agreement 
with this established status among the experimental methods of the solid 
state physicist, several books and review articles have appeared dealing 
with the Mossbauer Effect and its applications 1 ' 2 ' 3 ,1+'5 ' 6 , 7 , 8 '^ 1 0 . As an 
introduction for non-specialists, we shall give a short outline of the 
basic principles of the phenomenon of recoilless γ-ray emission. 
Consider a free nucleus at rest, which undergoes a transition from 
its first excited state with energy E.. to the ground state E
n
 under emis-
- > • 
sion of a photon with energy E and momentum p, 
E 
As the total momentum has to be conserved, the nucleus gets a momentum -p, 
and a recoil energy 
2M 
where M is the mass of the nucleus. Conservation of energy then gives for 
the photon energy : 
or 
E = (E. - E j - R (1.1) 
γ 1 0 
„
 (Ei - V 2 
гмс' 
For 5 7Fe, E - E = lU.U keV, and R = 2 χ IO"2 eV. 
What has been said above for emission, is also true for absorption. The 
energy of a photon, which can excite the nucleus to the energy E 1 , is given 
2 
Ъу: E = (Е1 - Е0) + R (1.2) 
The excited state has an energy uncertainty Г determined primarily Ъу its 
lifetime τ. The energy spectrum of the emitted photons is given by the 
Lorentz formula 8: 
1 
I (E) = (1.3) 
(Ε - Ε
γ
) 2 + φ 2 
with Γ = fi/τ. 
For 5 7 F e , τ(Ε ) = 1.U χ 10~ 7 , which gives 
Γ = It.6 χ I O " 9 eV. 
Thus in the specific example of 57Fe the natural linewidth Γ is negligable 
compared to the recoil-energy shift. It is clear, that resonant absorption 
of γ-rays emitted by a free nucleus is not possible under these circum­
stances. 
In the aforegoing it was assumed that the nucleus was free and its 
kinetic energy could take any value. This is no longer the case if the nu­
cleus is part of a system with quantized energy levels. The effect of such 
quantization may be illustrated by considering a nucleus bound in a harmo­
nic potential well, where its energy can increase or decrease only by ал 
amount πϋω-, ω. being the resonance frequency of the nucleus in the well 
and η an integer. The corresponding γ-ray energy is then: 
Ε
γ
 = (E1 - E0) ± ηηω0 (1.U) 
It can be intuitively understood, that the probability of exciting the nu­
clear vibrational energy in the emission of a photon becomes smaller than 
one when ΐιω
η
 > R. There is then a finite probability that the vibrational 
energy does not change at all (n = 0) and Eq.(1.U) becomes in this case 
E = (E. - E j (1.5) 
γ 1 О 
- one has what is called recoilless emission. In Fig.(1.1) the two simple 
examples of γ-ray emission are illustrated. The probability of recoilless 
emission is called the Debye-Waller factor or Mössbauer fraction f. 
1 
-
® 
,.
 R ( E J [ E 0 ) 
Fig.1.1. Α. Emission y-spectrum of a free 
nucleus at rest. The emission line is shifted 
by an amount R, with respect to the resonance 
value (Ej - E^). 
B. Emission spectrum of harmoni­
cally bound nucleus, with recoil energy R 
smaller than the vibration energy ϋω of the 
nucleus. 
It can Ъе shown that f is given by (See any of ref. 1 to 10) 
<χ2
> 
f = exp (- — £ - ) (1.6) 
where <x£> is the expectation value of the squared vibration amplitude in 
the direction of emission of the γ-ray with wave vector k = 2ъ/Х. 
An appreciable value of f can only be expected when the vibration ampli­
tude of the nucleus is smaller than the wavelength of the emitted radia­
tion. In practice, this is realized by incorporating the nucleus in a crys­
tal lattice. A formal expression for <x2> and its temperature dependence 
will be given in Chapter III. 
Similarly, in the case of an absorption process one is able to detect 
the recoilless emitted radiation by resonant absorption, which means an 
energy resolution of the order of (Г/(Е1 - Е_). In the example of
 57Fe 
Γ/(Ε - E ) = 3 x Ю 1 3 
In the following we shall speak of a Mösshauer level whenever a detectable 
fraction of the decay of this level to the ground state occurs by recoil-
less γ-ray emission. 
The existence of recoilless γ-ray emission/absorption was discovered 
and explained Ъу Mösshauer for the 129 keV-radiation of 191Ir. It was soon 
realized that the extremely high energy resolution makes possible the ob-
servation of small splittings and shifts of the nuclear energy levels 
caused by interaction of the nuclear charge and current distribution with 
the electronic and crystalline surroundings. Moreover the explanation of 
the effect given by Mössbauer made a systematic search for other Mössbauer 
transitions possible and soon the Mössbauer effect was found in many more 
nuclei. Among these 57Fe and 119Sn have found the widest application be-
cause of the large Debye-Waller factor at room temperature (f - 0.8 for 
57Fe in metallic iron). The investigations described in Chapter IV and V 
were carried out with 57Fe as Mössbauer nucleus. In Chapter III we give a 
short review of the theory of the interactions which influence the nuclear 
levels, especially in sofar these interactions give information on the 
crystal lattice into which the Mössbauer nucleus is incorporated. 
1.2. EXPERIMENTAL METHODS 
The experimental method to measure the γ-ray resonance absorption 
(emission) as function of γ-ray energy was introduced by Mössbauer. It is 
an adaption of the Doppler method used by nuclear physicists to compensate 
for the recoil energy in non-Mössbauer transitions. It is illustrated in 
Fig.1.2. 
In the source S, the Mössbauer level of the nucleus under investiga-
tion is populated by the radioactive decay of a parent nucleus, incorpora-
ted in a crystal-lattice (host matrix) to ensure an appreciable Mössbauer 
fraction. When we are interested in the spectrum of the absorber A, the 
host matrix is choosen such that the nuclear levels involved in the Möss-
bauer transition are imsplit and the spectrum of recoilless emitted γ-rays 
consists of a single Lorentz line (Eq.1.3). 
The absorber A contains the same Mössbauer nucleus in the same or in 
a different crystal lattice. To measure the spectrum one gives the source 
a velocity ν with respect to the absorber, thus imparting a Doppler shift 
® 
ΛΛΛΛ-Ύ [ΣΗΣ] 
® 
Fig 1 2 Simplified experimental set-up for Mòssbauer expe-
riment The radiation emitted by the source S passes absorber 
A The intensity behind the absorber is measured as function 
of the velocity ν of the source with the detector D connected 
to a counter С When source and absorber consist of the same 
material and have both a single unsphtted line of width Г, the 
measured spectrum is that given in part В of the figure 
to the γ-ray energy as "seen" by the absorber: 
E (abs) = — E (source) 
γ с у 
(1.7) 
The intensity of the radiation transmitted by the absorber is measured 
with detector D as function of the velocity v. When source and absorber 
consist of the same material and have a single unsplit Mossbauer transition 
the absorption spectrum consists of a folding of two Lorentz lines of width 
Г which is again a Lorentz line of width 2Г, as illustrated in Fig.1.2. For 
the ll+.U keV transition of 57Fe, the experimental line width will be 
2Г = 9.2 χ 10~9 eV, which (Eq.(1.7)) corresponds to a velocity of 
ν = 0.195 mm/sec. If one wants to profit fully of this width, care should 
be taken that the velocity is known with an accuracy of less than 0.01 mm/ 
sec. The range of required velocities is determined by the maximum split­
tings which can be expected and is of the order of 1 cm/sec for 57Fe. 
The simple description of the experimental method given above reflects the 
simplicity which characterizes the Mossbauer method. The relative ease with 
б 
which Mössbauer spectra can be obtained at a wide range of temperatures has 
undoubtly been an important factor in the widespread application of the 
method. In Chapter II we give a more detailed description of the Mössbauer 
apparatus used in the present study. 
1.3. PREVIEW OF INVESTIGATIONS ON GaFeO M D BORACITES 
The Mössbauer effect has given a great impetus to the study of magne-
tic materials at a microscopical level and a large fraction of papers 
reporting on Mössbauer spectra is devoted to this field of solid state 
physics. Chapter IV belongs to this category of Mössbauer studies. We have 
measured the Mössbauer spectra of 57Fe in gallium iron oxide (Ga Fe 0 ) 
and related compounds at temperatures between 80 and 800 K. Gallium iron 
oxide has attracted several research groups, some of them also working with 
the Mössbauer effect. This interest is caused by the combination of piezo-
electricity and ferrimagnetism in the compound. The combination of these 
properties gives the possibility of a coupling between electric and magne-
tic polarization, which has indeed been found. Such a coupling has great 
theoretical interest and arouses visions of technical applications for more 
technically oriented physicists. The present investigation has no direct 
bearing to this combination of properties but concentrates on the magnetic 
ordering. We have investigated the spin direction, temperature and compo-
sition dependence of the magnetic hyperfine splitting, and the distribution 
of cations. 
The investigation on ferroelectric boracites reported in Chapter V, is 
an example of the less common application of the Mössbauer effect to the 
study of structural phase transitions in solids. Boracites are highly inte-
resting compounds, both because of their crystal structure and magnetic and 
electric properties. In one of these compounds (Ni В 0 I) magneto-electric 
effects have been observed at low temperatures as in GaFeO . The Mössbauer 
spectra have revealed a wealth of information concerning the structure, 
lattice vibrations, quadrupole splitting, and electric polarization. Con-
trary to what is presented in Chapter IV, no magnetic properties of the 
boracites have been considered in this investigation. 
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C H A P T E R II 
MÖSSBAUER SPECTROMETER 
II.1. INTRODUCTION 
As explained in Section 1.2, Mösshauer spectra are ohtained by shif-
ting the energy of the emitted radiation with the aid of the Doppler-effect: 
the source is given a velocity relative to the absorber. The relative velo-
cities range from 0.1 - 1.0 cm/sec for 57Fe, up to 60 cm/sec for rare earth 
nuclei. As the natural linewidth of the ik.k keV-line of 57Fe, for example, 
is 0.1 mm/sec, the accuracy of the velocity in this case, should be at 
least 0.01 mm/sec to avoid appreciable instrumental line broadening of the 
Mossbauer lines. 
There exists great variety of spectrometers. We may classify them into 
three categories : 
ji Constant velocity spectrometer. In this type source or absorber moves 
with constant velocity. The velocity is changed stepwise and the intensity 
is measured as function of the velocity, l(v), point by point. Compared 
with the two methods treated below, this method has the advantage that one 
may measure special parts of the spectra without wasting time at unimpor-
tant velocities. Spectrometers of this type are relatively cheap and it is 
fairly easy to measure directly the velocity. In the littérature descrip-
tions are given of mechanical ^ 2 , hydraulic ^ 3 , and electromagnetic ** 
devices. Mechanical and hydraulic devices have the disadvantage that 
vibrations leading to instrumental line broadening are difficult to sup-
press. In most cases considerable efforts are needed to automatize this type 
of spectrometer. 
b_ Pulse modulation spectrometer. In this type of spectrometer the source is 
given a periodical motion, usually with the aid of a loudspeaker type 
device. In one period a range of velocities is scanned. The pulses from the 
γ-ray detector are modulated with a voltage proportional to the instanta­
neous velocity and fed into a multichannel analyser (MCA). The MCA sorts 
the pulses according to their height. The quantity measured is ΐ(ν)·Τ(ν) -
the intensity as function of velocity multiplied by time during which the 
source had velocity v. Therefore it is advantageous when T(v) is a constant, 
otherwise T(v) can be measured by taking a spectrum for which l(v) is a 
constant. The use of a MCA facilitates automatic operation of this type of 
spectrometers. The method of pulse modulation is liable to introduce line 
9 
broadening. Even if we keep the velocity constant, the modulated pulses 
have a distribution of amplitudes, because of hum and drift in the modula­
ting system. Examples of spectrometers of this kind can be found in ref. 1 
and 5· 
c_ Time-sweep spectrometer. As in the previous case the velocity of the 
source is a periodic function of time. Synchronously with this periodic 
motion the channels of the MCA are opened in succession. The time spent in 
a channel is the same for all channels. If the velocity reproduces exactly 
in each period, each channel corresponds to a definite velocity range. The 
number N. of counts registered in the i-th channel is given by: 
ν.+Δν. 
ι ι 
Ы
і
 = Γ I(v)dv 
V. 
1 
(v., ν.+Δν.) is the velocity range corresponding with channel number i. 
From this formula follows that N. depends only on the Mössbauer absorption 
and no longer on T(v). Usually one uses a velocity which changes linearly 
with time, so that v. depends linearly on i. It is, however, relatively 
easy to calibrate the velocity scale in case of a non linear time dependence 
of the velocity. The only source of line broadening in this type of spectro-
meter are instabilities in v. and Δν.. It is fairly easy to make these in­
stabilities very small and to obtain linewidths which are close to the theo­
retical limit. 
Spectrometers of this kind are described for example in ref. 6 and 7· 
When we use the MCA as a pulse height analyser the time needed to store 
a pulse depends on its amplitude and is on the average longer than when the 
MCA is used in the multiscaler mode. Hence higher counting rates are possi­
ble with the time-sweep spectrometer. 
Optical devices have been developped with which it is possible to make 
a direct measurement of the velocity as function of channel number θ'9. in 
most cases, however, one uses the spectrum of metallic iron whose line po­
sitions are accurately known 1 0, as a secondary standard. 
The spectrometer described below is a time sweep spectrometer and was 
used for the measurements described in chapters IV and V. 
10 
II.2. DESCRIPTION OF SPECTROMETER 
II.2.1. Detection. A block-diagram of the spectrometer is shown in Fig.2.1. 
Its most conventional part is the γ-detector, which we shall describe 
briefly. 
r. Ьsorber 
drive 
']) 
i 
coil pickup 
'"IL 
feedback 
amplifier 
1 
' 
integrator 
• 
square 
wave 
shaper 
i ι 
со 
)) 
ι 
-
ι ' 
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i 
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Ifl 
gate 
-
' 
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i ι 
delay 
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ii 
Fig.2.1. Block diagram of Mössbauer spectrometer. 
For the detection of the ìh.k keV-radiation of 57Fe, both scintillation 
counters and proportional counters are used. Proportional counters have the 
advantage of better energy resolution and low background due to 130 keV 
radiation. The present spectrometer used a commercial proportional counter 
(Reuter Stokes RSG 30A). The pulses from the counter are amplified by a 
Tennelec TCM ITO preamplifier and Philips PW U072/OI main amplifier. A Phi-
lips PW U082 single channel analyser is used to select the pulses corres-
ponding to the '\h.k keV radiation. Fig.2.2. shows a γ-spectrum of 57Fe 
obtained with the proportional counter behind an absorber placed in the 
furnace described in Section II.3.2. The source was 12 mC 57Co on a Palla­
dium foil (Nuclear Science and Engineering Corporation). The pulse rate was 
2 χ IO4 counts/sec with the window of the single channel analyser as indi­
cated in the figure. At lower counting rates the γ-spectrum has a better 
energy resolution and lower background. 
11 
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Fig.2.2. y-ray spectrum at high counting rate. 
Generally no great stability is needed with a time-sweep spectrometer 
as instabilities affect counting rates at all velocities in the same way. 
However, it is desirable that no appreciable changes occur in the fraction 
of background pulses when intensities of different spectra are to be com­
pared. In Fig.5·19. an example of such a measurement can be found. The 
area under a Mössbauer absorption curve was determined at several tempe-
ratures. The points in the curves in Fig.5·19· were determined with in-
creasing and decreasing temperatures, and the good reproducibility of the 
measured areas indicates the γ-ray spectrum to be sufficiently stable. 
II.2.2. Velocity control and channel scaling system. 
In a time sweep spectrometer the channels of a MCA are opened synchronously 
with the periodic motion of the source. For the interpretation of the spec­
tra it is desirable, that the velocity is a linear function of channel num­
ber. This is accomplished by a feedback system, in which the measured velo­
city is compared with an ideal triangular wave. Channel scaling frequency 
and periodic motion are synchronized by deriving them from the same primary 
oscillator. The following is a brief description of the various parts, more 
window 
I I 
12 
details can be found in ref. 11. 
Vibrator. The vibrator is depicted in Fig.2.3· The construction resembles 
that of Ono and Ito 12. It consists essentially of two loudspeakers, whose 
coils are mechanically coupled. One coil (drive coil) is used to drive the 
Mössbauer source attached to a bar connecting both coils. This coil has 
thus the same function as in an ordinary loudspeaker. Over the second coil 
(pick-up coil) a voltage is generated, proportional to the velocity. The 
vibrator is assembled from parts of Philips loudspeaker type 9T10A. Length 
of coil is 7 mm, length of magnet gap 11 mm. The resistance of both coils 
is 700Ω, the sensivity is ^50 mV per mm/sec. 
Fig.2 .3 . Vibrator used in Mössbauer spectrometer. 
Velocity control. Ample littérature exists on methods for controlling the 
velocity »^6 »7»13 »I1»»15» 16
 φ
 Most methods use a feedback system employing 
operational amplifiers and deviate only in drive system or in the manner 
of comparing the measured velocity with the reference signal. The present 
system, schematically given in Fig.2.4. is another variation on this theme. 
A detailed analysis of a feedback system is given in ref. IT· 
The triangular voltage, used as reference signal to be compared with the 
voltage across the pick-up coil, is obtained by integration of a square-
wave. The square-wave shaper consists of a multivibrator whose output-
levels are stabilised by diodes, connected to * 75 V-reference voltages. 
The multivibrator is triggered by a signal (10, 20 or kO Hz depending on 
13 
the number of channels used) obtained by frequency division of a primary 
quartz-crystal oscillator. We thus obtain a highly symmetrical square-wave 
of 150 V peak to peak amplitude. The integrator consists of a chopper 
stabilized operational amplifier (Philbrick USA-3). The integration time is 
stepwise-variable by changing the value of the feedback condenser. The 
integration time determines the amplitude of the triangular voltage. The 
amplitude of the integrated signal is reduced by a constant factor and 
added to the voltage across the pick-up coil. The resulting voltage is fed 
to the feedback amplifier, again a Philbrick USA-3. The drive coil (700Ω) 
is directly connected to the output of this amplifier. The maximum current 
available from the USA-3 limits the maximum obtainable velocity to ^ 20 mm/ 
sec, which is sufficient for experiments on 57Fe. 
Channel scaling system. Synchronisation between the triangular reference 
voltage and the scaling of the channels of the MCA, is obtained in the 
following way (see Fig.2.1.). 
The output of a 100 kHz quartz-oscillator is fed into a T20-divider. The 
output of this divider is applied to a 4-2 -divider and to a gate leading to 
the MCA. The exponent η for the divider can be chosen equal to 7j 9 or 9 
according to the number of channels per period used (123, 256, or 512). The 
output of the i2 -divider is used to trigger the square-wave shaper. 
As there has to be a fixed relation between velocity and channel num­
ber, the beginning and the end of the channel scaling must lie at a fixed 
moment in the period of the reference voltage for the vibrator. This phase-
locking is accomplished by the gate, which opens (or closes) at the first 
incoming positive signal from the τ2 -divider after the switch S (Fig.2.1.) 
has been placed in position start (or stop). 
The delay circuit placed between gate and MCA is necessitated by the 
type of MCA used (Nuclear Data NDI30). This analyzer has a Serial Decimal 
Memory Readout, in which each digit of the contents of a channel is handled 
consecutively. The storage time per digit is ^ 27 ysec. Up to six digits may 
have to be changed, which means that the total storage time for registration 
of one count can amount to ^170 ysec. In the multiscaler mode of operation 
the MCA switches to a next channel on command of an externally applied 
pulse, the address advance signal. Counting errors will result if this 
pulse occurs when the analyzer is in a storage cycle. One method to avoid 
these errors is to suppress all incoming γ-ray pulses during some time 
before the address advance signal. The suppressing time should be equal to 
the maximum possible time, needed to store a count. In the present case. 
l i t 
trigger 
signal m ι Ϊ\Α ί 
Fig.2.4. Diagram of velocity control system. 
26 52 78 10A 
channel number 
® 
26 52 7Θ 10A 
channel number 
Fig.2.5. Voltage across the p ick-up coil (A) 
and across the drive coil (B) as function of 
channel number. The latter voltage is propor­
tional to the difference between A and the 
reference voltage. The vertical s c a l e is ex­
pressed in terms of velocity. 
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with storage times up to 170 ysec, this method would result in an excessive 
dead time of the analyzer. To avoid this a delay circuit was introduced. 
This circuit delays the address advance signal when the analyzer is in a 
storage cycle untili the end of this cycle. Use was made of the so called 
NDB-signal provided by the analyzer, a signal which is negative as long as 
the analyzer is in a storage cycle. 
II.2.3. Results. 
The spectrometer described has proved to be very reliable and stable. It 
has been in continuous use during three years without major failures. Most 
spectra have been taken with 256 channels per period and a vibrator fre­
quency of 20 Hz. We give results for this case only. 
The amplification factor in the feedback loop of the velocity control 
system is limited by frequency resonances occurring in the coil supports of 
the vibrator 1 7. In the present case this places an upper limit to the 
linearity of the velocity versus time, which is better for higher amplifi­
cation in the feedback loop. Fig.2.5. is an oscilloscope picture of the 
voltage across the pick-up coil and the error voltage across the drive coil 
as function of channel number for one half period. There is an appreciable 
deviation from linearity. With the aid of the error signal, it was possible 
to determine the correction for nonlinearity accurately. In Fig.2.5. we 
have calibrated the vertical scale in terms of the velocity of the vibrator 
for a specific case. The shape of these signals is, however, independent of 
amplitude. It is seen the maximum deviation from linearity is about one 
percent of the peak to peak amplitude of the velocity signal. 
The performance is probably best illustrated by some results obtained 
on Fe-spectra. The longterm stability is illustrated in Table 2.1. , where 
the positions of the two inner lines of Fe-spectra at room temperature are 
given for a number of measurements, performed at different times. The velo­
city range in all these spectra was * 2 mm/sec (О.ОЗІ mm/sec per channel). 
The absorber was a natural iron foil, thickness 25 μ. The linewidth obtained 
with this absorber was 0.23 mm/sec using as source 57Co in Pd. 
The line positions given in Table 2.1. are expressed in terms of 
channel number. A good measure of the linearity of the velocity signal is 
obtained by summing the positions of corresponding lines in the two spectra 
obtained. In case of good linearity, the sum has to be a constant indepen­
dent of line position and approximately equal to the number of channels in 
one half period. In Table 2.1. these sums are also given. For each measure­
ment the sums are equal to within about 0.2 χ channel width. This was also 
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d a t e 
S e p t . 20 196I+ 
J a n . 1+ 1965 
S e p t . 18 1965 
Nov. 11 I966 
March 28 1967 
le half-
3 
91.17 
97.05 
97.00 
96.72 
96.81 
-period 
1+ 
1+2.80 
1+2.82 
1+2.82 
1+2.50 
I+2.72 
2e ha l f 
3 
31.55 
31.35 
31.1+5 
31.1+0 
31.37 
- p e r i o d 
1+ 
85.77 
85.52 
85.52 
85.1+2 
85.32 
sum of p o s i t i o n s 
3 k 
128.72 
128.I+O 
128.1+5 
128.12 
128.18 
128.57 
128.3І+ 
128.3І+ 
127.92 
128.01+ 
Table 2.1. 
Line positions of Fe (lines 3 and 1+ of Fig.3.2.) expressed in channel 
number, as measured at data listed. 
the case for measurements on spectra with more lines or with other velocity 
ranges. From this we conclude the deviation from linearity aFter correction 
is less than 0.1 χ channel width. 
Larger differences, up to ^0.8 χ channel width, in the sums of line 
positions are found between different measurements as can be seen in Table 
2.1. The origin of these discrepancies is not understood. Because of these 
differences the line positions obtained in different measurements cannot be 
compared, unless we apply a correction in the form of a shift for all lines 
which makes the sum of line positions of the two spectra to be compared 
equal. We believe that in this way the isomer shifts can be determined with 
an accuracy of ^ 0.2 χ channel width. 
II.3. CRYOSTAT AND FURNACE 
The applicability of a Mössbauer spectrometer depends on the tempera-
ture range in which the compounds under study can be investigated. The 
present spectrometer is equipped with a simple cryostat and furnace, per-
mitting measurements at any temperature between 80 and 1200 K, with an 
accuracy of 0.2 К and 0.1 К at temperatures above and below room tempera­
ture, respectively. 
II.3.1. Cryostat. 
The cryostat is illustrated in Fig.2.6. A copper chamber is attached 
to a copper tube emerged in liquid nitrogen. The chamber contains an 
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absorber holder embedded in expanded polystyrene (Tempex) which isolates it 
thermally from the walls of the chamber. The copper chamber itself is like­
wise surrounded by polystyrene encasing isolating it from the environment. 
To permit an easy disassemblance the polystyrene encasing consists of two 
halves held together by a brass cap. Holes are made in the brass cap and 
the walls of the copper chamber to transmit the γ-rays. 
Щ%%%%, brass or copper A dewar walls 
'i.'» V i styrofoam В lia. N7 
О Ь G û ' 
ο;'·%>ΐ tempex С absorber holder 
Fig.2.6. Cross section of the cryostat. 
The absorber holder is provided with a heater coil. A copper-constantan 
thermocouple measures the temperature difference between the absorber holder 
and the liquid nitrogen bath. The level of the nitrogen bath is kept con­
stant automatically. When no heater current is applied the lowest tempera­
ture obtainable is about 80 K, with fluctuations of about 1 K. At tempera­
tures
 ч
above 80 К a simple temperature stabilisation is applied with the aid 
of a Philips recorder, type PR U069 M/OU. This recorder closes or opens a 
relay when the thermocouple voltage exceeds or falls short of a pre-set 
value. With this relay part of the heater current is switched off or on. The 
full-scale sensitivity of the recorder is 1 mV. Part of the thermocouple 
voltage is compensated when it exceeds this value. 
The power needed to hold the absorber at room temperature is 2 W. 
Liquid nitrogen consumption is U liter per 2І+ hours. Temperature stability 
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is better than 0.1 K. 
II.3.2. Furnace. 
The furnace is a modification of the design of Van der Woude and 
Boom 18. Only a short description is given below. 
The hot part of the furnace consists of a cylindrical steel body, con-
taining several turns of coaxial heating wire. The cylinder has a central 
bore containing the absorber and is placed in a cylindrical water-cooled 
outer jacket by means of six alumina spacers. Three of these fit into a 
removable cap on one side of the outer jacket. The other three spacers are 
held in place by a nickel disc and pressed on by a circular phosphor bronze 
spring. This spring prevents any strains caused by thermal expansion, but 
is sufficiently stiff to prevent vibrations of the absorber holder. 
The oven is evacuated with a small diffusion pump. The beryllium windows 
(0,5 mm) used originally gave an appreciable Mössbauer absorption (Fig.2.7). 
f o V o ^ o O ^ o o ^ o O ^ o ^ ^ 
•SSo 
1 1 1 
> » s e M , e »
8
»5s ' *>o»»°o~°" °» 0 ' : P °οοβ~°°ο <.·° 
У Ί 
» *· 
* TS» J 
1 1 
" 
г/. 
1 1 
mm/sec 
Fig.2.7. Mössbauer spectrum of iron impurities in 
beryllium windows of the furnace. The total thick-
ness of beryllium was 2,25 mm. Open and closed 
circles correspond to the two halves of the periodic 
motion. 
For this reason the beryllium discs were replaced by Mylar foils. These were 
shielded from the hot absorber holder by aluminiiun foils. The temperature of 
the absorber is measured by a stainless steel shielded chromel/alumel ther-
mocouple (Aeropak type 10AK gF 10). 
The same temperature stabilisation as for the cryostat was used, resul-
ting in a temperature stability of 0.2 K. Untili now the highest temperature 
* We thank Dr. van der Woude for his kindness in giving details of the construction prior to publication. 
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at which measurements were carried out is about 85O C. The power consunrotion 
at 6OO С is approximately 60 W. 
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C H A P T E R III 
SUMMARY OF THEORY AND FORMULAS 
As an introduction to the chapters containing the experimental results 
a brief survey of the theory on the interaction of a nucleus with its crys-
talline surroundings is given. 
The theory of nuclear level splitting was known before the discovery 
of the Mo'ssbauer effect. Nuclear magnetic resonance and electron spin reso-
nance had already given ample information concerning the splitting of the 
nuclear ground state in solids. Consequently there exist many surveys of the 
theory describing the interactions between a nucleus and its environment. 
See ref. 1, 2, 3. Much of the contents of this chapter can be found in 
recent reviews of the Mössbauer effect 1+'5>6»7> 
III.1. NUCLEAR LEVEL SPLITTING 
Generally we can write for the Hamiltonian of a nucleus in a solid, 
H = K N + H P + H D + H Q ( З · 1 ) 
where H represents the intra-nuclear forces, H the modification of these 
forces by the penetration of electrons into the nucleus, H and H the mag-
D Q 
netic dipole and electric quadrupole interaction, respectively. 
The term Б_ is responsible for the nuclear levels as they are observed 
by normal γ-ray spectrometry. It is by far the largest term in Eq(3.l), the 
next terms being smaller by a factor 10 1 0 or more. As H is spherically 
symmetric its eigenstates are degenerate in the spin quantum number m . If 
an eigenstate of H has a spin I or a quadrupole moment Q, the mT-degeneracy 
N _ 1 
will be removed by the terms H and Η , respectively. 
D Q 
Due to the extreme smallness of IL compared to H^, the only effect of 
H will be a small shift in energy of the eigenvalues of Η , leaving the 
magnetic moment and quadrupole moment of the eigenstates of IL undisturbed. 
Therefore IL, will have no influence on the effects of H_ and Η , whatever 
the relative magnitude of H compared to these two operators. On the con­
trary both H and H depend on the orientation of the nuclear spin I in 
space and the calculation of their effects becomes complicated when both 
are of the same order of magnitude. 
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III.1.1. ISOMER SHIFT 
In the calculation of H , the nuclear distribution is assumed to Ъе 
uniform within a sphere with radius R, and zero outside this sphere. The 
electron density within the nucleus is negligible for all electrons except 
for s-electrons. The s-electron density is taken as uniform over the nuclear 
volume and set equal to |ψ(θ)|2. The expression for Η then becomes 8: 
Η
π
 = f π Ze 2R 2U(0)| 2 (3.2) 
A Mössbauer transition takes place between the nuclear ground state and an 
excited state, for which the radius R can be different. The energy of the 
emitted γ-ray is then changed by an amount ΔΕ given by 
ΔΕ = 4 π Z e 2 M 0 ) | 2 ( R 2 - R2 ) (3 .3 ) 
5 ' e g 
R and R are the radii of the excited and the ground state respectively. 
For a given Mössbauer transition R2 - R2 is a constant, and an energy shift 
of this kind can only be observed by the Mössbauer effect if source and 
absorber have a different value for |ψ(θ)|2: 
δ =|TrZe2(R2 - R2) (|
Ψ Α
(0)| 2- |ψ5(0)|2) (3.10 
δ is the usual symbol for what is called the isomer shift, subscripts S and 
A refer to source and absorber. 
A correlation between |ψ(θ)|2 and the ionic state of 57Fe was first 
discussed by Walker et al9. For 57Fe R2 - R2 < 0, and the isomer shift 
e
 .
 g 
decreases with increasing |ψ(θ)|2 for a given source. Because 3<l-valence 
electrons of iron shield off the s-electrons, |ψ(θ)|2 increases with the 
. . . . . . . 9+ 
lomcity of the iron ion. The isomer shift m Fez -compounds is about 
U.IO"8 eV larger than in Fe3 -compounds. 
Systematics of isomer shifts in other Mössbauer nuclei are treated in 
papers of Shirley 8 and Goldanskii 10. 
III.1.2. QUADRUPOLE INTERACTION 
Because IT >> H and H , the effect of H and H on the eigenstates of 
H is treated by first order perturbation theory. The general expression for 
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the quadrupole Hamiltonian is then given by (Chapter VI of ref. l): 
H Q = ¿ Q? F-2m (3.5) 
4
 m=-2 
Where the Qp and FV are given by 
Q
± 2
 = e Q /6 2 42 1(21-1) ΠΓ •L± 
"
 l
'xx yy "" 'xy' F2 = 2 Ж ( V"" - V-" * 2 І ^ 
F*1 = Ï -TJ (V * i V ) 2 /6 xz yz 
F
0
= l v 
2 2 zz 
Q is the quadrupole moment of the nucleus, -e is the charge of an electron, 
I the nuclear spin, I ± = I * i I , V is the electrostatic potential, 
62V ,. . , 
Vij = ^ 6 j ( l ' J = X > У' Z )· 
We now assume H = 0. Then we take the x, y, z-axes along the principal 
axes of the electric field gradient (EEG) tensor V... The expression (3.5) 
together with (3.6) becomes: 
H Q = w l Ä T { 3 I z - l ( l + l ) + b ( 4 + ^ > (3.7) 
V -V 
where we have used the abbreviations: eq = V , η = —-—*^-u
 zz' V 
zz 
By convention the axes are labeled so that |v |>|v |>|v I 
1
 zz' ' xx' ' yy' 
Then 0<η<1, because V + V + V = 0 . 
xx yy zz 
Let us consider specifically the case of 57Fe in which the Mössbauer 
transition takes place between the nuclear ground state with spin I = —, 
3 g 
and the first excited state with spin I = -χ. To find the effect of IL , we F
 e 2 Q' 
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diagonalize H within the manifold |l,m >. The m -degeneracy of the ground 
1 Q • ' • - ' • 
state (I = -5·) is not removed by H . For the excited state we find the 
secular equation 
:
2
-(3n 2
+
9)(^) = 0 ε = ± TJ. e 2q Q(l+in2) 
1 
2 \2 (3.8) 
where ε is the first order energy shift of the excited state levels. Thus 
the excited state is split by Η into two sublevéis as shown in Fig.3.1. 
Q 
Ε,.Ι •1.1-ΐ ' 
V-t 
Εγ-Ε,-Ε, 
^ 
^-г 
Ε
γ
*β 
2ε 
· !•> 
•Ι-> 
isomer shift quadrupole int. 
® 
intensity 
і->-Ц w>^\ 
velocity 
2c 
Fig.3.1. Isomer shift and quadrupole 
splitting of the ground state and the first 
excited state of 5 7 F e (a) and the resul­
ting Mössbauer pattern (b) for an iso-
tropic polyctystalline absorber. 
The associated eigenfunctions are ^: 
ι 3 3 | + > = c o s p i a , - , 1 - > + s i n p | a , - , 1 — > 2 
I - > = s i n p | a , - , * Ö > - COSPI 0 1 » Ö» * о > 2 ' 2 2 ' 2 
(3.9) 
2U 
with cosp = -72 il + (1 + γ - Γ 5 } 5 and sinp = ^  {1 - (l + -З-)'2}2 
The symbols |+ > and |- > refer to the upper and lower sign in Eq(3.8) 
respectively, while α stands for all other quantum numbers needed to spe­
cify the nuclear levels. The levels are still twofold degenerate. For η = 0 
the expressions in Eq(3.9) reduce to: 
Ι+> - | a . | , * | > 
I- > = |a,|, 4 > 
(3.10) 
Which of these levels has the lowest energy depends on the sign of e2qQ. 
For the excited state of 57Fe, Q is positive 5, thus the state |+ > will 
lie higher in energy when q > 0. 
III.1.3. MAGNETIC INTERACTIONS 
The magnetic moment of a nuclear state |a, I> is proportional to the 
nuclear spin I: 
ΐ
α
-γ
α
*Ϊ (3.11) 
γ is the gyromagnetic factor and depends on the state |a>. This magnetic 
α
 . . . . . - » - . . 
moment interacts with the effective magnetic field Η arising from the 
spin- and orbital moments of electrons surrounding the nucleus : 
H_ = - μ·Η = - yh Ϊ·Η (3.12) 
i) e e 
The effective magnetic field H^ is given by (see, for example. Chapter VI 
of ref. 1): 
e 
Η =2_2β 
e 
ι 
(l.-s.) 3r.{s.»r.) Q 
1 :L
 j. ι ι ι . 3 -»- ./->• ч 
+ + •=• π s.ô(r. ) 3 5 3 ι ι ri ri 
ι ι 
(3.13) 
The summation is over all electrons of the atom or ion to which the nucleus 
belongs. The symbols s. and 1. represent spin- and orbital moment of the 
i-th electron with position vector r.; β is the Bohr magneton. An extensive 
treatment of the three terms in Eq(3.13) is given by Freeman and Watson 5. 
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In Section III.2.2 below, a discussion of H in iron ions is given. 
e
 0 
By applying Η as a perturbation to Н^, we find the well known Zeeman 
splitting of the nuclear levels. We assume for the moment Η = 0. Then 
ч 
diagonalization of H^ within the manifold |l, m > , yields for the first 
order energy shift E.. of a nuclear level | a> with spin I: 
E. = - γ fi H m T 1 a e I (3.1U) 
with eigenfunctions |a, I, m >. In Fig.3.2. the Zeeman splitting of the 
Mossbauer levels of 57Fe is shown, together with the resulting spectrum. 
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Fig.3.2. Nuclear level splitting of S 7 Fe under combined 
magnetic and electric interaction (a) and the resulting 
Mossbauer (b) pattern for a polycrystalline absorber. 
III.1.U. COMBINED MAGNETIC AND QUADRUPOLE INTERACTION 
Thus far we have assumed that either Η or Η is zero. When both inter-
D Ц 
actions are present there is no longer a unique quantization axis and the 
expressions for H_ or Η cannot both be given the simple form which they 
took in the previous sections. The total perturbation Hamiltonian is now: 
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2 
Н1 = HD + HQ = - γα Ъ ЬК + Σ Ζ Q2 F 2 m ( 3 · 1 5 ) 
« - - ш=-2 
When Н_ >> Η , we may consider Η as a perturbation of IL + H . It is then 
advantageous to choose a coordinate frame (X, Y, Z) in which Ζ // H . 
e 
Generally the (Χ, Y, Z)-frame will not coincide with the (x, y, z)-frame 
used in Eq(3.T) for H , in which V.. was diagonal. In the (X, Y, Z)-frame: 
2 
H1 = - γα li m1 H e + YZ- Qg ^Т^'*'^
 (3
-
1б) 
m
=
—2 
The first order shift ε' of the eigenvalues of Η + Η , caused by the qua-
drupole interaction is then given by (Chapter VII, section II of ref. 1): 
e' =
 Ul(2i_-,) F°(XYZ){3I^-I(I-H)} (3.17) 
The tensor component Fp(XYZ) can be expressed in terms of q and η, defined 
under Eq(3.T): 
F°(XYZ) = eq(3 соз2 -1 + пзіп2 соз2ф) (3.13) 
Here θ and φ are the polar angles of the direction of Η with respect to 
the (x,y,z)-frame in which V.. is diagonal. 
When IL is of the same order of magnitude as H an exact solution is 
possible only when Η lies along one of the principal axes of the EFG-
tensor. In this case the second term on the right hand side of Eq(3.l6) can 
be replaced by the right hand side of Eq(3.T)· For other orientations of Η , 
numerical methods have to be used. Numerical results are given in ref. 13, a 
computer program is described in ref. 1І+. 
III.2. SOLID STATE CONDITIONS 
In the previous section we have met several quantities which depend 
explicitly on the ionic and crystalline environment of the nucleus. These 
quantities will be discussed in this section, as far as they are of impor­
tance for the investigations described in Chapters IV and V, which means we 
will consider only 57Fe. 
The Mössbauer spectra observed on 57Fe can grossly be divided into 
three categories, corresponding to the type of binding of the iron ion. 
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Fe3 -compounds. The electronic ground state of the Fe3 -ion which has 
a half-filled 3d-shell, is ^s The ion is spherically symmetric, there 
is no orbital moment. The quadrupole splitting observed is usually small 
(<1 mm/sec) and independent of temperature. In magnetic materials the 
splitting at low temperature corresponds to H = 5·105 Oersted. 
Fe? -compounds. The electron state, 5D,-3d6, is most simply understood 
as that of a Fe0 -ion with one electron added. This one electron has impor­
tant effects on the Mossbauer spectra. In Section III.1.1. we have already 
seen that it reduces the value of |ψ(θ)|2, resulting in a larger isomer 
shift. Similarly the extra electron contributes significantly to the EFG 
and to the effective magnetic field. 
Fe-compiexes. Under this heading we consider compounds like metals and 
organic iron complexes, where the binding is not dominantly ionic. The 
characteristics of the Mossbauer spectra of these compounds differ widely. 
In the following sections we will confine our attention to the Fez - and 
q+ . . . . . . 
Fe3 -compounds with dominantly ionic binding. 
III.2.1. ELECTRIC FIELD GRADIENTS 
a.. Crystal Field Theory. 
The properties of transition metal ions in crystals, can be explained 
to a large extend, within the frame work of crystal field theory. In this 
theory the crystalline environment of the ion is considered as a static 
charge distribution which affects the ionic levels only by the electrostatic 
field arising from this distribution. Extensive treatment of the crystal 
field theory can be found in ref. 15, l6 and 17- We recall briefly the main 
features. 
The Hamiltonian for ал ion in a crystal can be written: 
Hion = VF + VC + VLS ( 3 · 1 9 ) 
where V is the coulomb interaction, V the crystal field potential and 
V the spin-orbit-coupling. 
Lo 
For a free atom or ion V = 0, and the main term in the Hamiltonian is 
the coulomb interaction term: 
Ν N 
VF = ΣΙ (pj/ - Ze2/ ) + Σ Ζ e2/ (3.20) 
1
 k=1 '2m rk k>j rkj 
28 
Here in ρ and r are the momentum ana position vector of the k-th electron 
Ά Ά. 
respectively. This interaction leads to the well known electron-term values 
of atoms or ions, which in case of Russel-Saunders coupling are designated 
Ъу the value of the total orbital momentum L and total spin S. 
The next important interaction in a free ion is the spin-orbit inter­
action V . In the transition metal ions: 
Lo 
N 
V T q « 2 _ e
2/ (3.21) 
L S
 k>j rkj 
which means that the Russel-Saunders coupling scheme applies and we can 
write for V : 
V L S = XL'S (3.22) 
When an ion is placed in a crystal lattice, the energy levels as given 
by the Hamiltonian V + V are modified by the electrostatic potential V 
arising from the crystalline surroundings. 
The eigenstates of the Hamiltonian Eq(3.19) are determined using per­
turbation methods and the sequence in which the terms of Eq(3.19) are con­
sidered depends on their relative magnitudes. In case of transition metal 
ions V >> V
 c
, and there exist two schemes for the calculation of the 
С Lo 
eigenvalues : 
a. In the strong field scheme V is applied before the term 
Ц e
2/
r
 of V . 
k>j kj 
b. In the weak field scheme V is applied as a perturbation on the levels 
of V . This method is most practical when V < ¿ e2/ and is widely used 
k>j к j 
for the interpretation of the properties of the 3d transition metal ions. 
b. Expression for the Crystal Field Potential (see ref. 18). 
If we consider the surrounding ions as point charges the crystal field 
potential V can be expressed in tesserai harmonics 1 6' 1 7: 
00 
с
(г , ,ф) = Ц Х У Υ
ηα
Ζ
ηα
(θ5φ) (3.23) 
n=0 α 
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where r, θ and φ are polar co-ordinates referred to the ion nucleus as 
oricin, and Ζ are real combinations of the spherical harmonics Y : B
 ' not c nm 
Ζ = Y 
no no 
ZC = 4- {Y_ „ + (-I)"1 Y } (3.2U) 
Zs = І- {Y - (-l)m γ } 
nm /2 η-m nm 
The summation over a in Eq(3.23) indicates that for each n, there are terms 
s с 
Ζ , Ζ and Ζ for all values of m. 
no nm nm 
When applying V as a perturbation to the levels of V we have to cal-
0 F 
culate matrix elements of V between functions of the type R(r)|L,S>. It 
can be shown 1° that 
<L,S|Z lL,S> = 0 (3.25) 
nm 
unless η is even and η $ 2L. Kence for the calculation of the crystal field 
9 + 
splitting of the free-ion ground state of Fe¿ which has L=2, only terms up 
to n=h have to be considered in the expansion of V . The symmetry of the 
environment will further reduce the number of terms 17. 
by: 
In the point charge model the coefficients γ in Eq(3.23) are given 
^- ι, Ζ (θ.,φ.) 
^na=472^ñTej (nÍl)J (3.26) 
where e. is the charge at lattice position (R., θ., φ.) and the summation 
J J J о 
extends over the whole lattice. The numerical values of γ calculated from 
ηα 
Eq(3.26) have only a limited physical significance and have to be modified 
to allow for the effect of overlap between the electron distributions of 
the ion under study and those of its nearest neighbours and for other devi­
ations from the point charge model. Although more general calculations of 
γ_ have had limited success in a few звесіаі cases 1 9, the γ are usually ¿α ηα 
considered as quantities to be determined experimentally. Eq(3.26) is used 
to get a first insight into the relative magnitudes of γ 
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£. Calculation of ionic levels. 
The calculation of the effect of V on the eigenfunctions of V is 
С F 
facilitated if we make use of the results of group theory. According to this 
theory the 2L+1 eigenfunctions |L,M > form a basis for ал irreducible repre-
L 
sentation of the symmetry group of V , which is the full-rotation group. The 
г 
effect of the perturbation V , is to split the terms of V into new terms 
L г 
which form irreducible representations of the symmetry group of V + V . In 
F С 
this way it is possible to determine the number of levels (and their degene­
racy) into which a given free-ion term is split by V , provided we know the 
symmetry of V . For a detailed account of these methods we refer to the 
textbooks 15»16»17
> 
Consider, for example, an Fe^ -ion in octahedral symmetry. The free-ion 
ground state is 5D-3d6. The orbital eigenfunctions form a basis for the (2) irreducible representation D of the full rotational group. The symmetry 
group of V is 0 . Under this reduction of symmetry the irreducible repre-
(2) 
sentation D , decomposes according to: 
(2) 
Dv ; -·> E + T 2 (3.27) 
where E and Τ are symbols for two and three dimensional irreducible repre­
sentations of 0. , respectively. From Eq(3.27) it follows that the free-ion 
ground state of an Fe2 -ion placed in an octahedral field will be split 
into two levels E and Τ two- and threefold degenerated, respectively. A 
point charge calculation of V indicates that Τ lies lowest. The energy 
difference between Τ and E is called 10 Dq. For Fe2 - in an octahedral 
oxygen environment Dq is experimentally found to be MOOO cm 1, which is 
about three times larger than the value based on the point charge model. 
A further reduction of the symmetry results in a further splitting of 
the ionic levels. Suppose, for example, that the octahedral environment is 
distorted to D symmetry, a case which we shall meet in Chapter V. Then the 
representations E and Τ decompose according to: 
B 2 + A 
Τ -»• В + E 
(3.28) 
where Ε, А, В , and Β represent irreducible representations of D . They 
are one-dimensional except for E which is two-dimensional. Thus we expect 
the octahedral levels E and Τ each to split into two levels. This situation 
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is illustrated in Fig.3.3. where we have the distortion of octahedral sym­
metry assumed to be small. 
s D 4 , 3 d ' 10Dq 
ϊΐ—^Γίνίνΐ 
• - ^ l y ; - ^ 1 ) 
free ¡on octahedral axial crystal eigenfunctions 
crystal field field (D2d) 
Fig.3.3. Schematic energy level diagram of a 
Fe 2 + - ion in octahedral and axial crystal field. 
In Table 3.1. we list the orbital eigenfunctions belonging to the levels, 
expressed as linear combinations of the spherical harmonics Y 
2m· 0+ . . . Г 
The ground state of the free Fe0 -ion is the orbiteli singlet 0S 
and is therefore not split by V whatever its symmetry. 
5/r 
Irr. 
rep г. 
A 
B 2 
B 1 
E 
Eigenfunction 
Y 2 0 
V 2 ( Y 2 - 2 + Y 2 2 ) 
4-(Y Y ) /2 V 2-2 22 ' 
7 2 ( Y 2 - 1 - Y 2 l ) 
7^(Y2-1 ' W 
= Z 2 0 
=
 Z 2 2 
=
 Z 2 2 
- 2 1 
•ίι 
Cartesian 
form of 
eigenfunctions 
3 z 2 - r 3 
x
2
- y 2 
xy 
zx 
y z 
q * 
k 
~ 7 
*i 
• * 
2 
" 7 
2 
~ 7 
< r - 3 > 3 d 
- •
3 > 3 d 
< r
"
3 > 3 d 
< r
"
3 > 3 d 
< r
"
3 > 3 d 
ч* 
0 
0 
0 
+1 «S. 
-|--Sa 
* G R. Hoy and F . de S. Barros, Phys . Rev. 139, A929 (1965) 
Table 3.1. Irreducible representations, eigenfunctions and electric field 
o+ . gradients of Fe¿ -ion in D -symmetry. 
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ji. Electric Field Gradients. 
Within the framework of crystal field theory it is natural to discern 
two contributions to the EFG at the nucleus. One part arising from the sur-
rounding crystal lattice, the other part originating in the electron dis-
tribution of the ion under consideration. 
The lattice contribution to the EFG is simply given by: 
s2v «2Çr2 z
 ( θ φ ) 
V (0)(l*ttie.) - fefrU - ( " s j ; . 2 0 )
r = 0 (3.29) 
where we have used Eq(3.23) for V . With a suitable choice of co-ordinate 
axes, all γ? except for γ ^ and γ will be zero (Table 5 of ref. I?) and 
Eq(3.27) reduces to: 
latt zz νπ 
с 
Ύ20 
V -V vC ( 3 · 3 0 ) 
=
 yy xx
 =
 /з Z22 
'latt V D с 
γ20 
In the point-charge model the y^ are given by Eq(3.26). 
In the previous sections we have given the first order perturbation 
effects of V on the ionic levels. These can be considered as affecting 
only the outer electron shell. However, it was shown by Sternheimer 2 0 
that second order perturbations affect also the electron distribution of 
the inner shells resulting in an EFG proportional to the lattice EFG. The 
EFG at the nucleus is then given by: 
* •
( 1
 -
 Y
- 4
a t t
 ( 3
·
3 1 ) 
where -γ q. ,. is the contribution of the distorted electron shells, γ is 
»latt » 'oo 
the Sternheimer factor. For Fe3 : γ = -9.lU 2 1. 
Ionic contribution to EFG. The potential at the nucleus due to the ionic 
electron distribution can be developped in the same way as V in Eq(3.23). 
Repeating the arguments given above for V..(θ) (lattice) we find for the 
ionic EFG: 
е
Чопіс
 =
 VFY20 {ІОПІс) 
\ЙГ c r- • Ì ( 3 · 3 2 ) 
Clonic = - ΪΓ Y22 ( l 0 n i c ) 
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where y0 (ionic) is given by the expectation value for the ionic wave 
function of quantities similar to those of Eq(3.26): 
ι Ζ (θ,φ) 
γ
ρ
 (ionic) = < _ ^ e - ^ > (3.33) 
¿α J ъ 
г
0 
Using Eq(3.2H) for Ζ and separating the radial and angular part in 
Eq(3.33), we get for Eq(3.32) 
q. . = - k\W<r-ì><Y__> 
^lonic V 5 20 
( 3 . 3 U ) 
ionic ^ Vl5 ^ '~Κί22 ' ±2-2)* n«L.„,- = - 3 \fe <r-
3><(Y
on
 + Y0 0)> 
In Table 3.1. we l i s t the values of α. . and ηα. . for the wavefunctions 
"ionic ionic 
occurring in the table. The expectation value <r 3> has been calculated by 
Freeman and Watson for a number of transition metal ions 5. 
As was the case for q
n
 .,, a Sternheimer correction factor, R, modifies 
^latt ' ' 
the ionic EFG at the nucleus. The total EFG at the nucleus becoming: 
I " ( 1 - 0 qlatt + ( 1- R ) *ionic ( 3 · 3 5 ) 
е^. Temperature dependence of q 
Vihen the energy distance 1 
lying levels is comparable with the thermal energy kT, the probability for 
the ion to be in an excited state is finiti 
the thermal average: , 
.
 —l!j · /k 1 
ionic 
Whe between the ionic ground state and the higher 
nite, and for q. . we have to take 
ionic 
ι
e 
Чопіс Τ 
Z_ e 
where q. is the expectation value (Eq(3.3^)) of the EFG for the i-the ionic 
level. A similar equation holds for <nq> . An application of Eq(3.36) will 
be given in Chapter V, where the temperature dependence of the quadrupole 
splitting is calculated for a special case. 
For any one of the eigenfunctions listed in Table З.1., 
1 1 k q(l+ -χ Л 2 ) 2 = — <r 3>. If the ionic ground state is non degenerate and if 
we neglect q , we should expect the quadrupole splitting near T=0 to be 
given by: 
31+ 
2ε = (1-R) j e2Q <r 3> (3.37) 
where we have used Eq(3.8). Using for Fe2 the values 1 2 
R = 0.32, <r~3> = it.8 a and Q = 0.29 b we find 
2e = 2.8 χ IO"7 eV = 5.6 mm/ sec 
_f. Effect of spin-orbit coupling and covalency. 
Thus far we have neglected the spin-orbit coupling V . When applying 
V as a perturbation of V + V , the eigenstates of the latter are mixed. 
LS г С 
See réf. 12, 23. The ground state eigenfunction becomes a mixture of the 
orbital wave functions listed in Table 3.1. This mixing reduces generally 
the value of q( 1+ -r- n2 ) 2 . A detailed calculation of this effect is given in 
Chapter V. 
A second effect which reduces the value of 2ε is the covalency. 
Hitherto we have assumed that only the angular part of the ionic wave-
function is affected by the crystal lattice. The radial part, however, is 
affected as well by the overlap with the electron distribution of the 
neighbouring ions. A survey of influence of this overlap and the theoreti­
cal methods to calculate them is given by Low ^5 and by Owen and Thornley 
in a recent review 1 9. 
In the molecular orbital method, one replaces the single ion 3d-
function of a transition metal ion by a linear combination of a 3d-function 
and functions appropriate to the ligand-ion: 
*3d - a{*3ä + C •ligand* ( 3 · 3 8 ) 
where α is a normalization factor. The expectation value of <r ^ J i-3 η ο ν 
to be taken for the modified function (Eq(3.38)) and is thus reduced by a 
factor a2, compared to the free ion value. Similarly the spin orbit coupling 
constant λ and the Sternheimer factor R depend on the radial wave function 
of the ion and we account for the effect of covalency with the same reduc­
tion factor a. For a number of ionic Fe2 -compounds, Ingalls 1 8 uses 
a
2
 = 0.8 for the interpretation of Mössbauer quadrupole splittings. 
¿r. Quadrupole moment of excited state of 57Fe. 
The 0S-free-ion ground state of Fe^ is not affected by the crystal 
field. In first approximation q. . = 0 for this süherical state, and the 
ionic - ' 
only contribution to the EFG at the nucleus comes from the lattice. 
Lattice calculations of the EFG have been carried out for a number of 
Fe3 -compounds. Among these α-Fe 0_ has been treated most thoroughly 2l+>25
> 
The point symmetry of the Fe-ions in this compound requires η=0. The most 
recent calculations of q, by Artman 2 5 gave the value: 
q = О.ЗІЗ x 10 llt esu. Using Mössbauer measurements of e2qQ, Artman 
obtains for the quadrupole moment of the excited state of 57Fe: 
Q = O.UI b 
Of the Fe2 -compounds, FeSiF--.6H 0 was choosen by several authors to 
calculate the EFG. Taking into account the various reduction factors men-
tioned above Ingalls obtains the value 1 : 
Q = 0.29 b 
The discrepancy between the two numbers reflects the uncertainties in the 
approximations used in both calculations. In view of these uncertainties 
results of calculations using either value of Q have an accuracy not 
exceeding 30$. 
III.2.2. EFFECTIVE MAGNETIC FIELDS 
An expression for the effective magnetic field at the nucleus was given 
in Eq(3.13). An extensive treatment of magnetic interactions is given by 
Freeman and Watson 5. 
We shall indicate briefly the meaning of the various terms occurring 
in Eq(3.13). In this work, magnetic interactions were investigated in Fe3 -
compounds only. In consequence we shall confine our attention to Η in 
„ 3+ · 
Fe0 -ions. 
a.. Terms contributing to the magnetic interaction with the nucleus. 
Eqs. (3.12) and (З.ІЗ) contain contributions from three different 
interactions. The first of these: 
г — 2βγ ϋ(Ϊ.·Ϊ) 
ΣΙ
 α 1
 (3.39) 
i г? 
gives the orbital contribution to Η . For closed shells and half filled 
^ — 1. 
shells the expectation value of ¿_ — is zero, hence there is no orbital 
3 1 r? 
1 
э + 
contribution to Η in Fe3 , which has a half filled outer shell. 
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The spin-dipole contribution is given by: 
Σ. 
-y 
3r. (s . т . ) s . 
2Βγ ft ( 1 1 1 - —)·ΐ (ЗЛО) 
a
 5 3 
rr rr 
1 1 
which is again zero for closed shells and half filled shells with spherical 
symmetry and hence is zero in Fe0 . The last contribution to the effective 
τ—8тт "*•/"*• \ 
magnetic field, the Fermi-contact term Η =2 ^— β s. ¿¡(г.), can be written: 
i 
= Χ-ψΖ 8.|ψ.(ο)|2 (3.U1) н - 8 π 
с 
where |ψ.(θ)|2 is the density of the i-th electron at the nucleus, and is 
finite for s-electrons only. Therefore if no unfilled s-shell is present 
one would expect Η to be zero. However, in Fe - and Mgz -ions, which are 
с 
both in a spherically symmetric 3d5-6S state, resulting in zero orbital and 
spin contribution to Η , effective magnetic fields of several hundred 
thousand kGauss are observed. The explanation of these large fields is 
found in a different electron density at the nucleus for electrons with 
spin parallel or antiparallel to the spin of the electrons in the 3d-shell. 
This difference is caused by exchange interaction between the inner 
shells of the ion and the outer 3d-shell. Under this interaction the radial 
wave function of the inner s-shell becomes different for the two spin 
orientations. Watson and Freeman have been very successful! in calculating 
the resulting Η using what is called the Unrestricted Hartree-Fock 
с 
method 5. 
Because of its spherical symmetry the FeJ -ion is only little affected 
by its crystalline surroundings, hence the polarization of the inner shells 
depends only weakly on these surroundings. In accordance with this model 
the effective fields observed m Fe0 -compounds do not differ much and have 
values between 500 and 550 kGauss at low temperatures. 
b. Relaxation phenomena. 
The various contributions to H given above are expressed in one-
electron operators. To find the value of H for an ion in state |i > we 
• • · I 1 • я ^ 
have to determine the expectation value < i|H |i >. In the case of Fe-3 , 
where H = H and is determined by the total spin S of the 3d-shell, 
e с |i > specifies spatial orientation of S.:|i > = |m >. When the thermal 
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energy kT, becomes comparable to the energy separation of the different 
states |i >, we have to take the thermal average: 
) e i k < i | H | i > 
< H
e
> T = ^ - - Е . Л Т ί3Λ2) 
2_e ι 
just as we have done for the EFG. However Eq(3.^2) is valid only when the 
relaxation time τ for transitions between the states li >, is short com-
e ' 
pared to the characteristic measuring time of Η . For Mossbauer spectra the 
measuring time is equal to one neriod (—) of the Larmor precession of the 
L 
nucleus in the field Η associated with a state li >. For the EFG the 
с 1 . . 
condition τ << — is practically always fulfilled, as we have tacitly 
e ω. 
assumed in Section.III.2.le. But in very dilute paramagnetic sub-
. . q + 
stances containing Fe J the relaxation time τ between the m -states of an 
4+ · 1 
Fe·3 -ion can be comparable or even larger than — . 
Relaxation phenomena in Mossbauer spectra have been treated by several 
authors 26>27>28>?9>30
<
 ip^ g qualitative features to be expected are most 
clearly demonstrated by the simple model used by Van der Woude and Dek­
ker 2 7. 
Three cases can be considered: 
1 
τ << — . 
Ш
Ь 
The relaxation rate is smaller than the Larmor precession period and 
Eq(3.^2) is valid: the measured effective field is a thermal average over 
all occupied states |i >. 
1 
τ >> — . 
e ω 
L· 
In this case several effective fields H will be observed, each cor-
e 
responding to one of the states |i >, and with an intensity determined by 
—F /L- Τ 
the Boltzman factor e i .It is important to notice that while 
< i|H |i > is different for different |i >, ω varies for the states |i > 
and therewith the ratio τ (:) — . Experimentally these effects have been 
e ω 
found for the first time in Mossbauer spectra of 5 7Fe as an impurity 
in A1 20
 3 1
. 
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When the relaxation rate is comparable with the nuclear precession 
frequency the Mössbauer hyperfine lines are broadened and show an anomalous 
shift observed, for example, in Fe(NH, )(SOi ) .12H 0 in strong magnetic 
fields 32»33»29# 
The combination of relaxation with a static quadrupole interaction was 
treated by Blume 25 who showed that the quadrupole lines become asymmetri-
cally broadened. Such an asymmetric broadening has been observed in several 
organic compounds 3l+'35# 
Apart from the electronic relaxation between states |i >, which is deter-
mined by the coupling of the electron spin with the lattice and by spin-
spin interaction between neighbouring paramagnetic ions, a second 
relaxation mechanism is present under some circumstances in materials with 
magnetic ordening. In these materials exchange or superexchange interaction 
aligns the spins of the individual ions parallel or antiparallel to each 
other. The spin polarization axes are constrained to one or more crystallo-
graphic directions by what is called the magnetic anisotropy energy. The 
anisotropy energy is proportional to the volume ν of the crystal: E = Kv, 
К is the anisotropy energy per unit volume. For very small particles 
(^ 100 A) the anisotropy energy can become comparable to the thermal energy 
kT. Under thermal agitation the spin polarization direction then switches 
between the directions for which Kv is a minimum at a relaxation rate: 
1- = F exp Г КЧт) (ЗЛЗ) 
where F is a frequency factor. 
This phenomenon is known as superparamagnetism, the behaviour of the total 
magnetization being that of paramagnet with very large Curie constant. 
Superparamagnetism may also occur in magnetic materials where the magnetic 
ions are replaced by non-magnetic ions in a disordered manner. At suffi­
cient dilution of the magnetic ions magnetically isolated clusters occur 
in the lattice because the exchange or super exchange linkages are disrupted 
by non-magnetic ions. 
The effect of polarization-relaxation on the Mössbauer spectra is the 
same as that of spin-relaxation, but it is complicated by the fact that 
usually a whole range of volumes ν occurs so that τ has no well defined 
39 
value. 
Super-paramagnetism has been observed by the Mössbauer effect in small 
particles of α-Fe 0 З б, ct-FeOOH 37>38} uiFe 0, and CuFe 0.
 3 9
, and also in 
solid solutions of FeTiO in α-Fe 0 'Ό »'•I. 
III.2.3. LATTICE VIBRATIONS 
Lattice vibrations enter in the Mössbauer spectra in two ways. Firstly 
the fraction of recoilless emitted radiation is determined by the phonon 
spectrum, secondly the vibrational velocity of the nuclei leads to the 
second order Doppler shift of the spectra. 
a. Mössbauer fraction or Debye-Waller factor. 
An important quantity in Mössbauer spectroscopy is the fraction of nu-
clear radiation that occurs without recoil. For a lattice in which all nu-
clei occupy equivalent lattice sites, this fraction f is given by: 
f = exp (- k2 <x2>T) (3.UU) 
-*• . . . . 9 
where к is the wave vector of the emitted radiation, and <xz> the mean 
squared vibration amplitude in the direction of к at temperature T, 
averaged over the lifetime of the nuclear excited state. From EqCS.UH) it 
is seen that the condition for the Mössbauer effect to occur is: 
<x2>m << X2 with *" = I . 
Τ к 
Expanding <х 2>
ф
 in normal co-ordinates and using the Debye approxi­
mation for the phonon spectrum, Eq(3.1+O becomes (chapter III of ref. 6): 
θ/
π 
f = exp 3R_(1 ^ ( V ƒ
 T
2 Ljx 
2k9 v V ^ χ
 1 0 e -1 
(ЗЛ5) 
where R is the free-nucleus recoil energy (see Section I.l),
 k the Boltzman 
constant and Θ the Debye temperature. 
The condition for an appreciable Mössbauer fraction is: R << к 0. 
It has been assumed so far that the vibration amplitude of the Möss-
bauer nucleus is isotropic, in which case the Debye-Waller factor f is 
independent of the direction of emission. This will be the case if the 
environment of the nucleus has cubic or octahedral syranetry. For lower sym-
metries, however, vibrational anisotropy may exist and will generally 
result in an anisotropic Mössbauer fraction f. An expression for f in 
ho 
crystals with vibration anisotropy is given Ъу Kagan ^2. In an adapted no­
tation, the following expression for f is given for the case of axial sym­
metry: 
f(e) = exp {- k2[<x2> + (<χ2>-<χ2>) cos2e]} (3.h6) 
-*• . о 
where θ is the azimuthal angle between к and the axis of symmetry, <x^> 
and < x ^ > are the mean squared vibration amplitudes perpendicular and 
parallel to the symmetry axis. 
b. Second order Doppler Shift, (see ref. 1|3, Wt). 
Radiation with wave vector k, emitted from a nucleus having velocity 
ν undergoes a Doppler shift given by: 
^+l·ît± --, 2 
E n = E . C , » E(1 + ^ ^ ) ( 1 + ^-; (ЗЛ7) 
0
 \/l-v 2/c 2 c 2c 2 
where Ξ
η
 is the energy of radiation emitted from a nucleus at rest. The 
first factor in brackets describes the classical Doppler shift, which is 
used in Mössbauer spectroscopy to shift the energy of the γ-rays. The 
/ ν \ . . . 
additional factor ( ) is a relativistic effect, the second order Doppler 
2c 2 
shift. 
For a nucleus in a lattice the velocity due to thermal lattice vibra­
tions changes sign many times during the lifetime of the nucleus, hence the 
first order Doppler shift due to these velocities averages to zero. The 
second term, however, gives appreciable energy changes: 
£·-!£ (З.И) 
<v
2
> is the mean value of v 2. 
From this equation follows 1 б: 
1 ,δΔΕν C L ,„ , „ч 
— (—) = - (3.1+9) 
E 0 δ Τ 2Mc 2 
where С is the lattice specific heat ana M the mass of the emitting nu-
L 
cleus. At high temperatures С -* 3R which gives: 
J_l 
1+1 
L· φ = . 2.1* χ 10-15/°κ. (3.U9a) 
III.2.Η. ANGULAR DISTRIBUTION OF RADIATION 
The probability U(l, m; Ω)άΩ that a photon of multipole order (l, m) 
is emitted in a solid angle áü in a transition from a state |a > to a state 
|b > is given by the formula 45: 
U(l, m; Ω) = ζ
Ί τ η
 ( , Φ ) |< а | м 1 т т і | ъ > | 2 
2πΚ 2 lm 'lm' 
(3.50) 
where к is the wave vector of the radiation, Ζ a function of spherical 
harmonics : 
Ζ 1 Π Ι(Θ,Φ) 
m(m+l) 1
 -зштг 
l Y i ,
m +
i l 2 + ι -
m(m+l) 1 ι 
1(1+1) J ' l,m-1 
m' 
Kl+D 1m
1 (3.51) 
and < aІМ, lb > is the matrix element of the multipole moment M, of the 1
 lm' ^ 1 
nucleus involved in the transition. The latter is according to the Wigner-
Eckart theorem equal to a Clebsch-Gordan coefficient times a reduced 
matrix element : 
< a M. lm 
b > = < І
ъ
,
 ν
 1, m|l
a
, m
a
 >< a|| M. 1m' b > (3.52) 
The transition between the "ih Л keV level and the ground state of 57Fe is 
a magnetic dipole transition. With this knowledge the intensity distribution 
of the radiation from the transitions bebween the various m-levels can be 
calculated. As only the relative intensity is of interest, the reduced 
matrix element may be disregarded and the intensity distribution is deter­
mined by spherical harmonics of the first order and the Clebsch-Gordan 
coefficients. 
For the case of 57Fe in a magnetic field the relative intensity distri­
bution for the various transitions (see Fig.3.2.) is: 
k2 
h,6sl\±3/í> >-> |± i /2 >( ' ф ) = І Г ( 1 + с о з 2 ) 
h,5 = I|M/2 > - |±1/2 >( ' Ф ) = 3 З І п 2 ( 3 · 5 3 ) 
τ3,Η = Ιμι/2 > * |
т
і/2 >( ' ф ) = ¥ ( 1 + с о з 2 ( 3 ) 
θ,φ are the polar angles of the direction of emission (absorption) with the 
magnetic field. 
For a pure quadrupole splitting the intensity distribution for 
transitions between the states of Eq(3.9) and the ground state of 57Fe is 
given by: 
τ\+ > - |±1/2 > ( Θ' Φ ) = k 
I\.>^ |±1/2 >(θ>φ) = U 
3+n2 
3+n' 
+ (3 соз2 -1 + nsin2e соз2ф) 
(3.5U) 
- (3 cos2e-1 + nsin2e соз2ф) 
θ,φ are the polar angles of the direction of emission with the principal 
axis of the EFG-tensor. 
Most Mössbauer spectra are obtained with polycrystalline absorbers. In 
this case all possible θ and φ occur and we have to integrate the 
expressions for the intensity given above over all solid angles. Integration 
over θ and φ of the expressions given in Eq(3.53) resp. Eq(3.5^) gives for 
the intensity-ratios in polycrystalline absorbers: 
* Чб
 :
 45 : h.k*3 : 2 : 1 
(3.55) 
b I. : 1. = 1 : 1 
- 1+ > I- > 
These intensity-ratios are given in Fig.(3.1.) and (3.2.). However, it has 
been shown by Karyagin ^6 for the case of pure quadrupole splitting, and 
later by Cohen, Gielen and Kaplow ^ 7 for the magnetic hyperfine splitting, 
that these ratios are only valid for materials in which the Mössbauer 
fraction f does not depend on θ or φ. In the case of ал angular dependence 
of f, the intensity of a particular transition in polycrystalline material 
is given by : 
Vlycryst = l1^'*} ίίβ.Φ) d c o s 9 *Φ (з.5б) 
1*3 
For 57Fe in axial symmetry, where ί(θ,φ) is given by Eq(3.U6) and ΐ(θ,φ) by 
Eq(3.5*0 with n=0, the integral in Eq(3.56) has been calculated analyti­
cally by Goldanskii et al ^ 8 and numerically by Flinn et al ^9. It turns 
out that the intensity ratio |+ > depends only on the difference in vibra­
tion amplitude |- > 
A 2 = k2(<x2> - <x2>). 
Fig.S.1*. gives the intensity ratio |+ > as function of A2, calculated from 
the expressions of Goldanskii l+e'50. 
.6 -5 -4 -3 -2 -1 0 •! +2 +3 *U +5 +6 
Κ
2
Κ * ί > - < χ 2 » 
Fig.3.4. Intensity ratio of quadrupole lines of S 7 F e for a polyciystalline 
sample of axially anisotropic crystals, as function of vibration anisotropy. 
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C H A P T E R IV 
MÖSSBAUER EFFECT IN Ga2 .xFex03 AND RELATED COMPOUNDS 
I V . 1 . INTRODUCTION 
•3+ ч+ . 
The crystal chemistry of Ga0 - and Fe3 -ions has received much 
attention in recent years in connection with study of the garnets Y Fe 0 
(ΥΙΟ) and Y-Ga^O . Both ions have a spherical electronic configuration, 
3d10-S , and 3d5-6S
c
., , respectively. Despite this resemblance in electronic 
structure, studies on solid solutions of Y Ga 0 in YIG have revealed 
pronounced differences in relative site preference of the two ions. From 
q + 
the change in magnetic behaviour of YIG as function of Ga substitution, 
•a+ . Gilleo and Geller concluded the Ga-3 -ion to have a strong preference for 
tetrahedral-coordinated [CN(U)J sites compared to the Fe-ion ^ 2 . Nuclear 
magnetic resonance by Streever and Uriano has given the distribution of iron 
ions as function of Ga substitution 3 and confirmed the interpretation of 
Geller and Gilleo. 
The same tetrahedral site preference was found for A1J -ions 
substituted for Fe3 in YIG. The ionic radii of Al3 , Ga3 and Fe3 as 
determined by Geller ^ from cation-oxygen distances of octahedral 
coordination [CN(6)] in perovskites are 0.558 Я, О.біЗ S and 0.628 S, 
ч+ ir­
respectively. The tetrahedral site preference of Al3 over FeJ can 
therefore be explained on ground of its much smaller radius, the tetrahedral 
sites generally having smaller cation-oxygen distances. This explanation, 
however, is less convincing for Ga0 . 
q+ . . . . 
The preference of Ga0 for tetrahedral coordination manifests itself 
also in 3-Ga 0 . This phase was proven to be thermodynamically more stable 
than α-Ga 0_, which has the corundum structure. An x-ray structure determi­
nation by Geller 5 showed the gallium ions to occupy both octahedrally and 
tetrahedrally coordinated sites in ß-Ga„0 . This is unique among known 
sesquioxides, which have only octahedral sites. 
It was thought 5 that substitution of Fe3 for Ga3 in ß-Gap0 could 
result in a strong ferrimagnet, as the iron ions would prefer the 
octahedral sites, thus leading to two sublattices with unequal occupation 
of magnetic ions. Attempts by Remeika proved unsuccessful!, because not 
enough iron could be dissolved into ß-Ga О However, these attempts led to 
the discovery of a new compound: Ga Fe 0 5. This compound was reported 
to be ferrimagnetic and piezoelectric. The combination of these properties 
If6 
has aroused much interest and a large number of papers on Ga„ Fe 0^ has 
2-х χ 3 
appeared. 
This chapter contains results of Mössbauer measurements on 
Ga_ Fe 0_. In addition results are given for iron substituted ß-Ga^CL and 2-х χ 3 2 3 
for FeAlO , which is isomorphous with GaFeCL. In Section 2 a review is given 
on the investigations on gallium iron oxide followed by Section 3 which 
introduces 3-Ga n_ and FeA10_. Experimental details of the present 
investigation are given in Section k, while Sections 5 and 6 contain results 
and discussion, respectively. 
IV.2. HISTORY OF Ga0 Fe 0, 
2-х χ 3 
Synthetisation of gallium iron oxide was first reported by Remeika 6. 
Single crystals were grown from a Bi 0_-Bp0 flux containing Ga.O- and 
Fe 0_. By varying the initial ratio of Gap0_ and Fe 0_, χ could be varied 
between 0.7 and 1.Ц. 
Space group and unit cell dimension were determined by Wood 7. The 
crystal structure of Ga Fe 0 is orthorhombic, space group C^ -Pc2 η with 
unit cell dimensions: a = 8.7512(8), b = 9.3993(3), £ = 5.0806(2) S 8. 
There are eight formula weights per unit cell. The complete crystal 
structure was determined by Abrahams and coworkers 8 by X-ray diffraction. 
The structure can be described as a double-hexagonal (he-) close packed 
array of oxygen ions. The unit cell contains four different cation sites, 
henceforth to be called: Fe(l), Fe(2), Ga(l), Ga(2). * The oxygen 
environment of Ga(l) forms a nearly regular tetrahedron. The other sites 
have a distorted octahedral environment. The oxygen array around Fe(l) and 
Fe(2) is more irregular than that around Ga(2). The cation sites are 
labeled according to the ions which occupy them. However, Abrahams et al. 
concluded from electron density measurements that Ga(2) is partially 
occupied by iron ions. To a smaller extend gallium ions replace iron at the 
Fe(l) and Fe(2) sites. Neutron diffraction by Bertaut and coworkers 
confirmed this structure 9» 1 0, 
Extensive magnetization measurements on a large number of compounds 
with different x-values were reported by Nowlin11 and by Nowlin and 
10 
* Bertaut et el use a different labeling of cation s i tes . 
g 
In this chapter the nomenclature of Abrahams i s used 
M 
Jones 1 2. They found a low magnetic moment per ferrie ion, increasing 
approximately linearly with iron content x. For χ = 1 the moment per ferric 
ion was found to be O.76 μ„. A large uniaxial anisotropy was derived from 
the temperature dependence of the spontaneous moment. In addition Nowlin 
inferred an overall ferromagnetic exchange interaction from the positive 
intercept of the inverse susceptibility curve with the temperature axis. 
The low magnetic moment and large anisotropy were explained by assuming 
strong crystalline fields, causing breakdown of the Russell-Saunders 
coupling. This would lead to a lowering of the effective spin as well as a 
non-zero value of the orbital moment of the ionic ground state. However, it 
was remarked by Nowlin 1 1 that the observed phenomena could also be 
explained by a weak ferromagnetic structure as it occurs for example in 
a-Fe203. 
Weak ferromagnetism was also proposed by Rado 1 3 in an attempt to 
explain large magneto-electric effects which he had observed in single 
crystals of Ga- Fe 0_. J
 2-х χ 3 
Following their detailed crystal-structure determination Abrahams and 
Reddy ^ took over the canted spin arrangement of Rado and proposed a spin 
configuration with the spins at Fe(l) and Fe(2) lying in the (bc)-plane and 
canted out of the (ab)-plane by 9 · Similarly for iron ions at Ga(2) sites, 
for which it was, however, necessary to assume the canting angle to be 29 . 
It was assumed that the increase in magnetic moment for χ > 1 was due only 
to an increase of the number of iron ions at the Ga(2) site. 
Though the neutron diffraction study of Bertaut et al. 1 0 confirmed 
the crystal structure as determined by Abrahams et al. their data could not 
be fitted with the spin configuration proposed by the latter authors. 
Instead, neutron diffraction, Mössbauer and susceptibility measurements 
indicated a ferrimagnetic spin configuration with the spins of the 
Fe3 -ions at Fe(l) and Ga(2) parallel to the c-axis and the spins at the 
Fe(2) site antiparallel to the c-axis. 
The magnetic anisotropy of gallium iron oxide has been investigated by 
various techniques. A torque-method was used by Schelleng 15 and a ferro-
magnetic resonance technique by Dymanus and Kaminov 1 б. Recently Pinto *' 
made an extensive measurement of the temperature and field dependence of 
the anisotropy, using a vibrating sample magnetometer. The anisotropy 
constants in the ac- and bc-plane were linear functions of the square of 
the magnetization in these planes and also linear functions of temperature 
T, for 100Ο<Τ<300ΟΚ. At 100OK, the anisotropy constant for the bc-plane in 
1+8 
zero external field was found to be ^k χ IO6 ergs/cm3. 
The explanation given by Nowlin and subsequently also by others 1 6 
for the large anisotropy as due to strong crystalline fields, was made 
improbable by optical absorption measurements of Pisarev 1 Θ. The absorption 
spectra of Gap Fe 0 resembled those of a-FepCL and a crystal field para­
meter Dq = ІІ+ЗО cm 1 was derived from them, which compares well with 
Dq = 1І+80 cm"1 of α-Fe 0 . 
The compound has attracted also Mossbauer spectroscopists.First report 
of Mossbauer measurements was contained in the paper of Bertaut et al. 9. 
The authors report observation of Mossbauer spectra consisting of four 
different hyperfine patterns, which were ascribed to different effective 
magnetic fields at the four cation sites. Detailed temperature dependence 
of the sublattice magnetization was given. The paramagnetic spectra obtained 
by these authors did show only one quadrupole pair, but in their later 
paper 1 0 observation of two pairs was reported, in accordance with our 
results, which have been published in a short note 1 9. 
A group of the National Magnet Laboratory measured Mossbauer spectra 
of polycrystalline compounds in high magnetic fields 2 0. The fields were 
high enough to overcome the high anisotropy energy and thus to align all 
spins of the absorbers parallel to the field. The Mossbauer spectra 
obtained were consistent with the ferrimagnetic spin configuration proposed 
by Bertaut. The effective magnetic field indicated a magnetic moment value 
of 5μ
Ώ
 per 'erric ion and from the intensity ratio of hyperfine lines 
si 
corresponding to parallel and to antiparallel spin orientation a net 
magnetic moment of 1μ per ferric ion was deduced, in agreement with the 
В 
value derived from magnetization measurements. 
The piezoelectric constants of Ga^ Fe 0_ were measured by White 2 1, 
е
 2-х χ 3 
who found two of them (d _ and d ) to be twice the value found in quartz. 
An atomic mechanism, responsible for the piezoelectric properties as 
proposed by Abrahams and Reddy ^ can be found in the nearly regular oxygen 
tetrahedron around Ga(l). This tetrahedron has one of its 3-fold axes lying 
in the direction of the b-axis, which is the polar axis of the crystal. 
Compression along this axis would induce a displacement of the 02~-ion on 
this axis towards Ga(l), giving a dipole moment. 
A coupling between magnetization and electric polarization, the 
magnetoelectric effect, was found by Rado to occur in single crystals of 
Ga» Fe 0_ 1 3» 2 2. The theoretical possibility of such an effect was pointed 
out by Bertaut et al. 1 0. This effect and its great theoretical and 
technological importance is in fact responsible for the large interest in 
h9 
Ga. Fe 0_. 2-х χ 3 
IV.3. COMPOUNDS RELATED TO GALLIUM IRON OXIDE 
a. 0-Ga2O . 
According to Remeika 6, Ga Fe 0 can be prepared with 0.7<x<l.^. 
Outside this range either ß-Ga 0 (for x<0.7) or α-Fe 0 (for x>1.1+) seems 
to be the more stable phase. Among the samples gallium iron oxide which 
were available, one was labeled as Ga \J?en ¿po» where χ is derived from the 
composition of the melt used in preparing these crystals. This value of χ 
lies outside the stability range for Ga Fe 0 . Crystal properties and 
Mossbauer spectra deviated from those of other compositions of gallium iron 
oxide. Subsequent x-ray diffraction on a single crystal needle gave space 
group and lattice parameters of ß-Ga_0_. On these grounds this compound was 
believed to be iron substituted ß-Ga 0_, to be denoted as ß-Ga 0 rFe0 . The 
crystal structure of ß-Ga 0 was determined by Geller 5. The space group is 
C| -C2/m (monoclinic), cell dimensions: a = 12.23(2); b = 3.0U(l); 
с = 5.30(1)A; β = 103-7 ¿0.3 · There are four formula weights per unit 
cell. The oxygen atoms form a distorted cubic close-packed array, with two 
different cation sites, one with tetrahedral- and one with octahedral 
environment. 
Optical and electron spin resonance studies of Cra in ß-Ga 0 have 
been performed by Peter and Schawlow 23, from which they concluded that the 
chromium ions substitute on octahedral sites only. In view of the tetra-
hedral site preference of Ga.0 over FeJ we expect the same behaviour for 
the iron ions in ß-Ga 0 . However, if the fraction of iron ions is large, 
part of them may reside at the tetrahedral site. 
b. FeAlO . 
Iron aluminum oxide, FeAlO , was synthesized by a firing method in 
195*+. Interest in this material came mainly from chemists. A recent x-ray 
diffraction study indicated FeAlO to be isomorphous with GaFeO 2lt. The 
unit cell of FeAlO is orthorhombic with a = 8.60; b = 9.25; с = ІІ.97 X, 
and contains 8 formula weights. As Ga3 and Al3 behave very much alike, it 
seemed worthwile to investigate this compound together with Ga9 Fe 0_. 
Apparently the same idea occurred to the group at the National Magnet 
Laboratory. In their paper on ferrimagnetism of Ga Fe 0 they have also 
given some preliminary results on FeAlO.. According to this paper FeA10_ 
has also a ferrimagnetic spin structure with a magnetic moment per ferric 
50 
ion slightly below 5μ . Moreover FeAlO was also proven to be piezoelectric. 
В j 
The structure of FeAlO has not yet been determined. 
IV.k. EXPERIMENTAL 
IV.U.1. INVESTIGATED SAMPLES 
a. Gallium iron oxide. 
Spectra have been obtained on five different compositions of 
Ga Fe 0_. Crystals with χ = 0.8, 0.9» and 1.08 were grown by F.Molea 
(Gordon McKay Lab, Harvard University) with the flux method described by 
Remeika 6. The crystals were of very good quality and had dimensions of 
several cubic millimeters. The values of χ given above indicate the amount 
of Ga and Fe ions in the melt used in the preparation of these crystals. 
Chemical analysis of samples used by Nowlin ^ indicated that χ
 1 was 
generally higher than χ . Thus the x-values of these samples should be 
considered as lower limits of the iron contents. 
Stoichiometric GaFeO was prepared by Dr. Blasse (Philips Research 
Laboratories)* using a céramique technique and starting with equal amounts 
of Ga3- and Fe0 -ions. The x-ray powder spectra of the resulting compound 
showed that it was gallium iron oxide without any appreciable amount of 
Fe203 or Ga203. 
From the group of Bertaut * we obtained Ga oc-Fe.
 1c-0 prepared with the 
flux method. The sample consisted of powder with average crystallite size of 
about 50μ. 
b. Iron substituted Ga?0_. 
Prepared by F.Molea as Ga ¿Fe.-. ¿0_, this composition proved to be 
ß-Ga_0_:Fe3 , as was explained in Section IV.3. The estimated iron content 
was 25-30 at %. 
c. Iron aluminum oxide. 
Stoichiometric FeAlO was prepared by Dr. Glasser (Chemistry Department, 
University of Aberdeen) * by dehydration and subsequent firing of a hydroxide 
slurry, containing equal amounts of Fe0- and Al0 -ions. The final product 
consisted of relatively coarse crystalline particles. Very little Fe 0 and 
We gratefully aknowledge the kindness of Professor R V Jones and Drs G Blasse , J Chappert and F Ρ Glasser 
In supplying the compounds mentioned 
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AlpO could be detected by x-rays in products of similar preparations. 
Chemical analysis did show about 0.3wt$ of FeO. 
IV.k.2. ABSORBER PREPARATIONS 
Absorbers not intended to be heated above 200 С were prepared by 
mixing oxide powder with epoxy resin (Araldit), which was then allowed to 
harden in a lucite container. Pellets of 12 mm diameter and 1 mm thickness, 
with average density of 30 mg/cm oxide were thus obtained. 
For measurements above 200 С the oxide powder was put in small boron-
nitride pill-boxes. These absorbers could be heated up to 1000 K. 
The Neel-temperature of Ga ot-F6·, c-0- lies above room temperature. 
This allowed us to prepare powder absorbers of this material in which 
practically all crystallites were oriented with their c-axis perpendicular 
to the plane of the absorber. This was done by placing a freshly prepared 
powder-epoxy mixture in a magnetic field (^ 8000 Oe) perpendicular to the 
plane of the absorber. The powder particles could then orient themselves 
with their magnetization along the magnetic field. The epoxy resin was then 
allowed to harden, while the field was kept on. Once hardened the position 
of the powder particles was fixed. Because of the large magnetic anisotropy 
of gallium iron oxide, the magnetization will lie along the c-axis. Thus an 
absorber was obtained in which all crystals were oriented with their c-axis 
perpendicular to the plane of the absorber, while a- and Ъ-axes are randomly 
oriented in the plane of the absorber. The method proved to be very succes-
full when the Araldit was thinned with acetone. These absorbers could be 
heated up to 150 С without disturbing the orientation of the crystals. 
The same method was used to prepare oriented absorbers of FeAlO . 
X-ray diffraction patterns of oriented absorbers of GaFe0_ and 
FeA10_ did show a strong reduction of diffraction maxima. No attempt was 
made to determine from these patterns which axis was oriented, nor the 
degree of ordering. 
IV.U.3. SOURCES 
57 Sources consisting of Co in a Pd-matnx were obtained from Nuclear 
Science and Engineering Corporation. Initial source strength was M 0 mC. A 
natural iron foil, thickness 25μ, gave with these sources a line width of 
0.23 mm/sec. 
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IV.kΛ. MEASUREMENTS 
All spectra were taken with the spectrometer described in Chapter II, 
using 256 channels per vibration period and a vibrator frequency of 20 Hz. 
The two spectra, corresponding with both halves of the periodic motion, 
were corrected for nonlinearity of the velocity scale and drawn as a single 
picture. When necessary the channel contents were corrected for variation of 
the solid angle. 
The spectrum of a natural iron foil was used to calibrate the velocity 
scale. Isomer shifts are given with respect to the center of the spectrum of 
iron at 29T0K. 
From all compounds spectra were taken at room temperature, at 80 K, and 
around the magnetic transition temperature. A number of compounds was heated 
up to 8OO K. Oven and cryostat, described in Chapter II, were used to heat 
and to cool the absorbers, respectively. Magnetically oriented absorbers 
were made of Ga
n
 ocF6-! іс^ -з» a n^ 0^ AlFeCL. Spectra of these were obtained 
for a number of temperatures between 80 and 500 K. 
The influence of quenching on Mössbauer spectra was investigated on 
GaH „Fe,. пО^, Ga. .Fe„ ^0_ and GaFeO^. Spectra were taken of untreated 1.2 0.03 1·1 O.yi 3 
powder. The same powder was then heated in a small platinum crucible to 
temperatures ranging from 950-1100 C. This high temperature was maintained 
for several hours after which the platinum crucible was withdrawn from the 
oven and air cooled. Because of the smallness of the crucible, room 
temperature was obtained within a minute. 
All spectra of gallium iron oxide and aluminum iron oxide below Curie 
temperature did show a considerable line broadening and had small peak 
intensities (^kfo). Long counting times were therefore necessary to obtain 
sufficient statistical accuracy. 
IV.5. RESULTS OF MEASUREMENTS 
IV.5.I. RESULTS ON ß-Ga20 :Fe3+ 
Of all compounds investigated, the spectra of ß-Ga 0 ¡Fe3 are most 
simple, because they do not change between 80 К and 1000 K. In FigA.1. 
is shown the room temperature spectrum. It can be interpreted as consisting 
of two quadrupole pairs, shifted with respect to each other. The spectra 
obtained at other temperatures could all be fitted with the same shift 
between the two pairs and the same intensity ratio. 
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— ι ι ι ι ι Ι 
-1,0 -0.5 0 +0.5 +1.0 +1.5 mm/sec 
3+ Fig .4 .1 . Room temperature spectrum of ßGa^O^iFe • The line 
drawn through the experimental points is the sum of the four 
Lorentz l ines shown. Open and closed circles correspond to the 
two spectra obtained in one measurement, due to the symmetric 
periodic motion. 
It is clear from Fig. U.I., that the position of the line numbered k, is 
relatively uncertain. Lorentz lines with half width of 0.25 mm/sec were 
used in fitting the spectra. Quadrupole splittings and isomer shift 
obtained are listed in Table k.'\. For both pairs the high temperature 
limit of the temperature dependent shift is O.069 +_ 0.001 mm/sec 100 K. 
The relative shift between both pairs is 0.I7 ¿ 0.02 mm/sec. 
IV.5.2. RESULTS ON Ga0 Fe 0-
2-x χ 3 
a. Random absorbers. 
A sample of spectra of random powder absorbers at room temperature is 
given in Fig. k.2. The difference between the spectra from different 
compositions is small. The pattern was interpreted as to be composed of two 
pairs of lines. However, only poor fits could be obtained, if a pure Lorentz 
shape was used for the individual lines. A trial and error method finally 
resulted in a shape, which was a superposition of two Lorentz lines 
separated by a distance equal to З/16 of their half widths. The total half 
width was taken as 0.32 mm/sec. This choice is based on the assumption, that 
the spectra of Fig. U.2. consist of four lines of the same shape. As this is 
not necessarily the case, the assumption introduces an uncertainty in the 
values of the different quantities derived. Nevertheless, we believe that 
I 1.0 
с 
tl 
= о.э 
а 
Οι 
0,96 
0.9A 
0.92 
5^ 
-&9Г+?** 
mm/stc 
Fig. 4.2 Room temperature spectra of Ge^. χΡβχΟβ. 
The line drawn through the experimental points is the sum of the 
four broadened Lorentz lines shown. 
this interpretation forms a satisfactory basis for comparison of spectra 
from different compositions. The slight asymmetry apparent in all spectra 
can be explained by allowing unequal intensities for lines belonging to the 
same pair. 
The low temperature spectra of all compounds did show considerable 
broadening of the hyperfine lines. The overall splitting decreased and 
broadening of the lines increased with decreasing iron content. The same 
trend was observed in the spectra with increasing temperature. Fig. U.3. 
shows the change in the spectra of Ga0 q2
Fe
-| п80Я w^tl:i temperature. 
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Fig. 4.3. Spectra of GEU g nFe·. n o O , below the Neel temperature 
(T N j>335 0 K). The absorber consisted of powder of one single crystal, 
to obviate the possibility of different compositions of different crys­
ta l s . Points are averages of the two spectra obtained in one measure­
ment. 
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None of the compounds did show a sharp transition point at which 
hyperfine lines rapidly collaps into the paramagnetic lines observed at 
room temperature. Instead, a large temperature region exists where both the 
paramagnetic spectrum and a broad background, due to unresolved magnetic 
splitting, are observed. In the sintered compound GaFeO , the transition 
takes place in a somewhat shorter temperature range. 
In all spectra a quadrupole shift is apparent. The line broadening 
makes it impossible to decide if there is more than one shift. The mean 
quadrupole shift as obtained by taking the difference between the mean of 
the inner lines and the two outer lines, respectively, was ε' = 0.12 mm/sec. 
The various quantities determined from the spectra are given in 
Table U.I. 
b. Magnetically oriented absorbers. 
The succes of the method, used for orienting the crystals is clearly 
demonstrated by the spectrum (Fig.U.U.) of an oriented absorber of 
Ga
n
 oc-Fé·,
 1C-0QJ obtained at 80 K. The fact that the lines corresponding to 
Am = 0 transitions have all but disappeared indicates a nearly complete 
I 
о 
χ 
"ϊ Θ.6 
с 
с 
m 
.с 
υ 
ι. 
Ol 
α 
и» β.5 
с 
о 
υ 
QA -
o •So о oo 0 0
 "г ^ 
+Α +6 +8 mm/sec 
velocity 
Fig.4.4. Mössbauer spectrum of a magnetically oriented powder-absorber of 
Qa-. ocFe-t ι ς Ο , at 80 K, taken without an external magnetic field. Points are 
averages of the two spectra obtained in one measurement. The spectrum should 
be compared with the spectrum at 87 0 K in Fig.4.3. The absence of l ines cor­
responding to Д т = 0 transit ions, indicates a spin arrangement perpendicular 
to the plane of the absorber. 
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alignement of spins perpendicular to the plane of the absorber (Eq(3.53)). 
The paramagnetic spectrum shows accordingly a marked change compared 
with a random powder absorber. Though the transition region of 
Ga DcFe-i ι ς^ ο lies well below room temperature (see Table U.I.) we have 
measured the paramagnetic spectra at 105 C, well above the reported Neel 
temperature of this compound, in order to obviate any possible interference 
with a remaining magnetic splitting. 
mm/set 
F i g 4 5 Spectra of Gag g g F e j
 1 5 0 3 at 3 8 0 ^ 
A Absorber consist ing of randomly oriented powder 
B. Absorber consist ing of magnetically oriented powder 
The vertical sca le of both spectra is choosen so that the area under 
the absorption curves i s approximately the same This facil itates the 
comparison of relative intensi t ies The curves drawn through the ex­
perimental points are the sum of the broadened Lorentz- l ines shown. 
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In Fig. 1+.5· is shown the paramagnetic spectrum of a random absorber and of 
an oriented one. The drawn curves show that the intensity difference between 
these two spectra can to a large extend be explained by intensity variation 
of the inner pair only. 
c. Influence of quenching. 
In Figs. U.6. and U.7· are shown the spectra of untreated and quenched 
samples at 80 К and at room temperature, respectively. The low temperature 
spectrum shows a slightly smaller splitting and an increased line broadening 
compared with the untreated sample. The room temperature spectrum of the 
quenched sample is slightly more asymmetrical. This increase in asymmetry 
was also observed in quenched samples of Ga1 pFen οΟ^, and GaFeO_. 
d. High temperature spectra. 
Spectra of several absorbers were taken at temperatures up to 600 C. 
Except for the thermal shift, no change was observed. The thermal shift 
between room temperature and 600 С is Δ6/ΔΤ = 0.005(2) mm/sec 100 K. 
IV.5.3. RESULTS ON FeAlO 
The low temperature spectra of iron aluminum oxide resembled those of 
gallium iron oxide. The hyperfine lines were strongly broadened and no 
definite transition point could be observed. The quadrupole shift was 
somewhat larger than observed in GaFeO„(ε'=0.13 mm/sec). The paramagnetic 
spectrum showed two rather broad peaks with a splitting of О.бЗ mm/sec. 
As FeAlO« has a spontaneous magnetic moment at room temperature, we 
tried to make magnetically oriented absorbers. Results on both random and 
oriented absorbers are given in Figs. k.Q. and k.9· It is seen from 
Fig. h.Q. showing spectra obtained at 80 К that for the oriented absorbers 
the Am = 0 transitions are strongly suppressed. This indicates again 
alignement of spins perpendicular to the plane of the absorber, though the 
alignement is not as complete as it was in the case of Ga„ o^Fe. «,-0.-. 
0.05 1·15 3 
The room temperature spectra of a random absorber and of an oriented 
one are shown in Fig. U.9· In the oriented absorber the lower energy line 
has an increased intensity compared to the spectrum of a random absorber. 
Unfortunately none of these paramagnetic spectra gives any clue for a 
possible decomposition into components. Although the FeAlO -crystals are 
magnetic at room temperature, which made the preparation of oriented 
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Fig.4.7. Room temperature spectra of Ga 1 ^ р е л д О , . The 
spectra of untreated and quenched powder are drawn together 
after the area under the curves was made equal. Open circles : 
absorber of powder quenched from 900 C; closed c i rc le s : 
absorber of untreated powder. Note the increase in asymmetry 
in the spectrum of quenched powder. 
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absorbers possible, their room temperature spectra did not differ from those 
obtained at higher temperatures. 
High temperature measurements, up to 600 C, gave for the thermal shift 
0.0бі+(і) mm/sec 100 K. No change in shape of the spectra was observed. 
Numerical data are listed in Table Ц.1. 
IV.6. DISCUSSION 
IV.6.1. ß-Ga20 :Fe3+ 
Of the two cation sites available in 3-Ga η we expect the Fe0 -ions 
to prefer the octahedral site. (See Section IV.3a). In consequence the 
higher intensity quadrupole pair in the Mössbauer spectra of iron substi-
tuted ß-GapO should be attributed to Fe0 at the octahedral sites. The 
splitting and isomer shift at room temperature, listed in Table ^.7·» lie in 
•3+ . 
the region generally observed for octahedrally coordinated FeJ -ions in 
oxides. 
The attribution of the lower intensity pair to iron ions at tetrahedral 
. . . . . . 4+ · 
sites is similarly supported by observations in compounds in which Fe0 -ions 
occur in h- and 6-coordinated sites. It is generally observed that the 
U-coordinated ions have a lower isomer shift and a larger quadrupole split-
ting 25. A good example of this behaviour can be found in a paper by 
Nicholson and Burns 2 , who measured the isomer shifts and quadrupole 
splittings in several iron garnets. The difference in isomer shift: 
б - δ =-0.17*2 mm/sec and the quadrupole splitting 
ЬСЬх· ОСL·· 2ε, . =0.90(5) mm/sec which we measured in 3-Ga
o
0_:Fe3 is of the same 
tetr. ¿f j 
order of magnitude as found by Nicholson and Burns in garnets. The latter 
authors attributed these differences to a larger covalency of iron ions at 
tetrahedral sites. 
The present measurements, however, do not confirm the observation of Van 
Loef 25 that the thermal shift of CN(l+)-Fe3 is lower than that of 
CN(6)-Fe3 . The shape of the spectrum does not change with temperature, 
which would be the case for different thermal shifts. Thus both kinds of 
ions have 
Δδ/ΔΤ = 0.0б9(2) mm/sec 100ΟΚ. 
From the intensity ratio of both pairs it follows that about Q0% of 
Compound1 
Ga1.2Fe0.803 
Gal.1Fe0.903 
Gai.oFei.o03 
Ga0.85Fe1.15O3 
Ga0.92Fe1.0803 
ß-Ga203 
AlFeO 
1
 Compounds are 
2
 Effective fiel 
H 2 
e 
(80οΚ) 
1+10 kGauss 
k35 kGauss 
kk5 kGauss 
U65 kGauss 
U70 kGauss 
U50 kGauss 
Temperature 
Transition 
Region 
±10OK 
130OK 
l60OK 
200ΟΚ 
230ΟΚ 
2Τ0ΟΚ 
<80ΟΚ 
210ΟΚ 
Neel temp.3 
210ΟΚ 
2U0OK 
2950Κ 
Зб0ОК 
3350Κ 
2 ε1 
mm/sec 
0Л9б±0.015 
0.^96*0.015 
ОЛ90±0.015 
O.U80±0.015 
0Λ80±0.0156 
0.525*0.010 
0.б35±0.015 
2 е2 
mm/sec 
1.08*0.05 
1.08*0.05 
1.05*0.05 
1.01*0.05 
1.02±0.056 
0.98*0.05 
listed according to the observed transition temperature. 
d for which the hyperfine xines have peak intensity. 
3
 According to Nowlin: As the iron content of first two and the last с 
higher, these values should be considered as lower limits. 
omposition of 
I /I h 
Г 2 
(300oK) 
2.3*0.2 
2.3*0.2 
2.11*0.2 
1.8*0.2 
і^о.г
6 
Ga_ Fe 0
o 2-х χ 3 
δ
5
 mm/sec 
(300OK) 
0.31+9*0.010 
0.31+7*0.010 
0.31+1*0.010 
0.352*0.010 
0.31+3*0.010 
0.35 ±0.02 
0.18 ±0.02 
0.31+0*0.010 
is probably 
4
 Intensity ratio of lines a and d, the larger intensity of lines b and с being ascribed to tetrahedral iron ions. 
5
 Isomer shift with respect to center of iron spectrum at 29T0K. 
6
 Evaluated on s pectrum at 380OK. 
T a b l e 1+.1. 
ON 
го 
бз 
the substituted iron ions resides at octahedral sites. 
IV.6.2. Ga_ Fe 0
o 2-х χ 3 
ji. Room temperature data. 
The outer pair of the two observed quadrupole pairs has a splitting, 
which is large compared to the splittings observed for CN(6)-Fe3 in other 
oxides with a close packed oxygen array. But, as already mentioned 
(Section IV.2), the oxygen environment of Fe(l) and Fe(2)-sites is very 
irregular. (See Fig. ^ .10.) For these sites the cation-oxygen distances 
take values between I.87 and 2.36 A and a large EFG is conceivable. The 
accurately known crystal structure permits in principle lattice sum 
calculations of the EFG at the cation sites. This would settle the question, 
which cation site has the larger EFG. However the point symmetry of each 
of the cation sites is zero, which makes the calculation very complicated. 
Bertaut et al. 1 0 were able to determine accurately the distribution of 
iron ions over the cation sites in Ga
n
 oc-Fe ic^o· Assuming fully ionized 
metal ions, their data are in excellent agreement with the electron 
densities as measured by Abrahams et al. θ on a crystal of roughly the same 
composition. If f1, fp, f_, and f, are the fractions of iron ions at the 
lattice sites Fe(l), Fe(2), Ga(l), and Ga(2), respectively, the values of 
f. given in ref. 10 for Ga_ o .-Fe. „О,, are 
i e 0.05 1 · 15 3 
f = 0.8Т f2 = О.9О f = O.OU f, = 0.5U. 
Comparing these values with the intensity ratio I /I =1.8 of the 
quadrupole pairs measured on Ga QcrFe.. ^ О^, it is clear that the larger 
splitting can only be attributed to Fe(l) or Fe(2). As has already been 
mentioned in Section IV.2 there is a large uncertainty in the absolute 
values of I../I . Nonetheless, the value of ~L l~L found for χ = 1.15 is in 
reasonable agreement with the values 1.6 and I.7 given for the same 
composition by Bertaut et al 1 0 and Frankel et al 2 0 respectively. The uncer­
tainty in ~L.I~L and the small difference between f and f ρ do not permit to 
decide between Fe(l) and Fe(2) as the site with largest EFG, as has been 
done in ref. 10. 
The intensity ratios 1.,/lp measured in other compositions and listed in 
Table U.I, show that there is no clear relation between the distribution of 
iron ions over the cation sites and the composition. The larger values of 
I../I measured on compositions with x<1 indicate that the fraction of iron 
ions residing at Fe(l) or Fe(2) or at both sites is less than for χ = 1.15ί 
indicating a less pronounced preference of Ga-ions for the Ga(2)-site. 
6k 
A little more information concerning the electric field gradient can be 
derived from the intensity changes in the paramagnetic spectra of the 
oriented absorbers. In these absorbers all crystallites have their c-axis 
perpendicular to the plane of the absorber. The intensities of the quadru·· 
pole lines as function of the polar angles θ and φ of the γ-ray direction 
with respect to the principal axes of the EFG-tensor are given by Eq.(3.5M· 
In the oriented absorbers, however, the a- and b-axes are directed at random 
in the plane of the absorbers, which means that for these absorbers only the 
angle θ is fixed, while φ takes all values between 0 and 2π. Averaging over 
φ reduces Eq(3.5^) to: 
I|± > = Mi + ^ n 2)^ * (3cos2e - 1) (Ц.1) 
As 0 < η < 1, the asymmetry parameter has only a secondary effect on the 
intensity ratio of the lines belonging to one pair. 
As shown in Fig.U.5. the intensity ratio of the quadrupole pair 2 
(lines a and d) in the spectrum of an oriented absorber is the same as in 
the spectrum of a random absorber. This means, according to Eq.(U.l) 
3cos26„ - 1 or Q = 53°, where θ is the angle between the c-axis which is 
parallel to the γ-rays and the z-axis of the EFG-tensor responsible for the 
pair 2. 
The intensity ratio of pair 1 (lines b and c) changes from 1.0 ± 0.1 to 
1.5 * 0.1. As this pair is due to iron in two different lattice sites, it is 
difficult to interprete the intensity changes observed for this pair, as 
they may be caused by different changes of the constituting lines. If we 
assume the two cation sites have approximately the same electric field 
gradients, then the intensity ratio of pair 1 in the oriented absorbers is 
sufficiently close to — to suspect that Θ.. is close to 90 . 
We suggest the following explanation of the values of Θ, derived above. 
There are six crystallographically different oxygen ions in Gap Fe 0-, 
which are denoted 01 to Об. These can be divided into two groups: 
Type I, 03, 05 and Об, have each only three cations as nearest 
neighbours. 
Type II, 01, 02 and Oh, have four or five (01) nearest neighbour 
cations. 
The bond lengths of Type II-oxygens, 0 , with the cations at the Fe(l) and 
Fe(2) sites, is larger than the bond lengths of 0 -ions. The О -Fe-0T angles 
are larger than the 0 -Fe-0
 T angles. This is illustrated in Fig.k.10., 
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Fig.4.10. The nearest neighbour environment of F e ( l ) and Fe(2) c a t i o n - s i t e s , referred to the 
crystallographic a, b and с directions. Notation i s that of Abrahams et al . Numbers give the 
d i s tances between the ions in Â. In case of Fe( l ) the type I and type II oxygen ions (See text) 
l ie approximately in a c -p l anes . This is also the case for Ga(2)-s i te (not shown). In the environ-
ment of the F e ( 2 ) - s i t e s the planes formed by the two types of oxygen ions have a different 
orientation. 
where the nearest neighbour environment of Fe(l) and Fe(2) ions is given 
schematically. 
From the dimensions given in Fig.H.lOA, it can be seen that in first 
approximation the nearest-neighbour environment of Fe(l) can be considered 
as a trigonally distorted octahedron, with the iron ion shifted out of the 
center and the approximate trigonal axis parallel to the b-axis. The same 
applies to the environment of Fe(2), Fig.U.lOB, but in this case the 
"trigonal-axis" makes an angle θ of approximately 60 with the c-axis. 
The environment of the Ga(2)-site is a nearly regular octahedron, but, 
as for Fe(l) the 0 - and the 0 -ions lie in separate ас-planes above and 
below the cation and we have again a trigonal symmetry axis parallel to b. 
On these grounds it seems reasonable to ascribe to iron ions at the 
Fe(2)-site the larger quadrupole splitting, for which our measurements 
indicate θ - 55 , and the smaller splitting to iron at the Fe(l) and Ga(2)-
sites, which have an approximate symmetry axis perpendicular to the c-axis, 
in accordance with our measurements. 
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The small asymmetry apparent in all paramagnetic spectra has been 
neglected sofar. As this asymmetry is temperature independent, it cannot be 
due to relaxation effects. We attribute the asymmetry to a small fraction 
of iron ions at tetrahedral sites. From the spectrum of 3-Ga O.rFe0 
(Fig.U.I.) it is plausible that tetrahedrally coordinated Fe3 -ions give 
in the spectrum of Ga Fe 0 a quadrupole pair, whose lines enhance the 
intensities of lines a and с (Fig. k.2.). The increased asymmetry in 
spectra of quenched absorbers points to an increased fraction of iron ions 
at tetrahedral sites at high temperatures. Similar effects were recently 
reported in two papers 2 7 » 2 8 concerning the effect of heat treatment on the 
magnetic properties of aluminum and gallium substituted YIG. In both cases 
a decrease in the tetrahedral site preference of Ga0 with increasing 
temperature has been observed. 
The isomer shift is the same for all three octahedral cation sites and 
corresponds to that usually observed for octahedrally coordinated Fe0 . From 
this it follows that there is no appreciable difference in covalency between 
the three cation sites and no important difference in covalency with other 
oxides. 
Тэ. Low temperature data. 
Although the paramagnetic spectra for different χ do not show great 
differences in the intensity ratio I /I , the Neel temperatures differ 
widely. This makes it probable, that the decrease in Neel temperature and 
the reduction of the magnetic moment per ferric ion with decreasing iron 
content is mainly due to dilution of all magnetic sublattices and not to be 
a preferred substitution of Ga-ions in one sublattice only, as has been 
suggested 11+. 
There is a large discrepancy between the transition temperature as 
obtained from the present Mössbauer experiments and the Neel temperatures 
reported by Nowlin. No such discrepancies have been reported by other 
authors ι°·20
φ 
A clear demonstration of this discrepancy forms the room temperature 
spectrum of Ga
 Qo^
ei nR^V According to Nowlin and Jones the Neel tempera-
O ι о 
ture of this composition is 330 К i Z. The crystals are indeed strongly 
magnetic at room temperature. Yet, as can be seen in the lowest spectrum of 
Fig. h.3. no magnetic splitting is visible in the Mössbauer spectrum at room 
temperature. 
Broadened lines as wel3 as the simultaneous occurence of paramagnetic 
and magnetic spectra are common features of systems in which cation sites 
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are randomly occupied by magnetic and non-magnetic ions. Line broadening 
was observed, for example, in the nuclear magnetic resonance spectra of 
Y_Fe0 Ga 0.,_ 3 and in Mössbauer spectra of ( 1-x)FeTi0_-xFeo0_ 29. For 3 3-х χ 12 r 3 2 3 
χ = 0.22 and 0.33 the latter compound gave also paramagnetic spectra well 
below the Neel temperature. Ishikawa subsequently showed these compositions 
to be superparamagnetic 3 0 (see Section III.2.2b). 
In analogy we believe Ga_ Fe 0- is superparamagnetic in a temperature 
range of several tens of degrees below the Neel temperature as determined 
from magnetization data. As mentioned in section III.2.2. the type of 
Mössbauer spectrum observed in superparamagnetic material depends on the 
polarization relaxation time τ , which in turn depends on the volume of the 
spin-clusters. As the spin clusters in a disordered material like gallium 
iron oxide will have different volumes, the temperatures at which the 
Mössbauer spectrum becomes paramagnetic will differ for different clusters, 
which explains both the large region, in which paramagnetic and magnetic 
spectra are apparent and the line broadening below the transition region. If 
our supposition of superparamagnetism in Ga Fe 0 is correct, there should 
be no hysteresis in this compound for several tens of degrees below the Neel 
temperature. 
The sintered compound GaFeO_ did show a more rapid transition from 
magnetic to paramagnetic state than compounds grown by the flux method. This 
we attribute to a more homogeneous composition of the sintered compound. As 
the iron content in crystals grown by the flux method is generally larger 
than expected from the mixing ratio in the starting melt , it is plausible 
that the composition changes slightly during the growth of the crystals. 
Thus flux-grown Ga9 Fe 0„ is not homogeneous in χ which results in a larger 
transition region. 
Nowlin has reported a decrease of 15$ in the spontaneous moment at k К 
in samples of Ga Fe 0 quenched from 900 С Although the changes observed 
in the Mössbauer spectra at 80 К of quenched samples are not as large, a 
slight decrease in mean splitting and an increase in line broadening is 
visible in Fig. U.6. The room temperature spectra indicate only a small 
increase of the number of iron ions at tetrahedral sites and no substantial 
reordening in octahedral site distribution. If the decrease in magnetic 
moment observed by Nowlin is due to the increase in iron at Ga(l)-sites, 
the spins of iron at Ga(l) have to lie antiparallel to the net 
magnetization. 
The expression, Eq(3.l8), for the quadrupole shift of magnetic 
hyperfine lines and the expression, Eq(3.5^)» for the relative intensities 
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of quadrupole lines have the same angular dependence. However, asymmetry 
may have a profound effect on ε', because in this case θ and φ are the polar 
angles of the effective field Η with the principal axes of the EFG-tensor 
and both will have well defined values. Consequently no relation can be laid 
between e' and the splittings observed at room temperature. 
IV.6.3. FeAlO 
As the crystal structure is not known, nothing can be said about the 
expected number of quadrupole splittings. The room temperature spectra give 
no indication in which manner they should be decomposed. The large 
difference between octahedral radii of Fe0 - and Al0 -ions together with 
possible disorder in occupation of cation sites, may lead to local 
deformations of the lattice. This would presumably give variations in EFG 
and thus broaden the quadrupole lines and smear out the observed spectra. 
The low temperature spectra of the oriented absorbers point towards a spin 
arrangement with spins parallel and/or antiparallel to the net magnetization 
axis. The incomplete ordening of the crystals in the absorbers demonstrated 
by the remaining intensity of Am = 0 transitions, is probably due to poly-
crystalline particles, as FeAlCL was prepared by sintering. 
Line broadening and behaviour around the transition temperature are similar 
to that observed in gallium iron oxide. Although crystals are magnetic at 
room temperature, the transition in the Mössbauer spectra occurs at 220 K. 
This points to a probable superparamagnetism of FeAlO . 
IV.7- CONCLUSION 
In spite of the rather diffuse spectra of gallium iron oxide and 
aluminum iron oxide we have been able to extract some interesting 
information concerning these disordered materials. 
Ga^ Fe 0_. The ferrimagnetic spin-configuration, derived from neutron 2-х χ 3 D J 
diffraction data, was confirmed. 
All compositions are probably superparamagnetic for several tens of degrees 
below the Neel temperature. The room temperature spectra suggest that the 
distribution of iron ions over the lattice sites is relatively independent 
of composition, except possibly for an increase in the fraction of iron ions 
at Ga(2)-sites with decreasing value of x. 
Of the two observed quadrupole splittings the larger one is probably due to 
iron at Fe(2)-sites. The smaller splitting is due to iron at Fe(l) and 
Ga(2)-sites. 
There is evidence of iron ions at tetrahedral Ga(l)-sites, with spins 
antiparallel to the net magnetization. 
The large uncertainty in the intensity ratio of the two quadrupole split­
tings does not allow to derive the fraction of iron ions at the different 
cation sites, but for χ = 1.15 there is a qualitative agreement with the 
cation distribution derived from x-ray and neutron diffraction data. 
The isomer shift is the same for all three octahedral cation sites which 
means that there is no difference in covalency between these sites. 
AlFeO . Measurements on oriented absorbers have confirmed the ferrimagneti 
spin arrangement already deduced from high field measurements by Frankel 
et al. If we assume the crystal structure to be the same as that of GaFeCL 
our room temperature spectra indicate that the large difference in ionic 
-3+ o+ . . . 
radii of FeJ - and Al3 -ions introduces a large disorder in the lattice, 
which results in considerable line broadening. No details of the cation 
distribution could be derived from our measurements. 
ß-Ga 0_:Feo . Our measurements on ß-Ga?0 •.Fe0 confirm the preference of 
iron ions for octahedral sites in this compound as was expected by Geller. 
The observed spectra are in accordance with those obtained on other iron 
oxides with tetrahedrally and octahedrally coordinated Fe0 -ions. 
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C H A P T E R V 
MÖSSBAUER INVESTIGATION OF BORACITES 
V.l. INTRODUCTION 
Boracites are compounds of composition M_B 0 X, where M stands for 
one of the divalent metal ions Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn or Cd, and 
X denotes one of the halogens CI, Br or I. The compounds are named after 
the mineral Mg_B 0 CI. The latter compound exists in two phases, whose 
crystal structures have Ъееі, determined by Ito and collaborators . The 
cubic high temperature phase has space group FÍ3c (Т^), the low tempera­
ture phase (< 2б5 C) is orthorhombic, with space group Pca2 (C ). 
An extensive study of the boracites has been made in recent years by 
Ascher, Schmid and others at the Institute Battelle in Geneva ZSSJ^JS ¿n 
connection with a search for compounds showing magneto-electric effects. 
Schmid succeeded in synthezising single crystals of a large number of bo-
racites, most of which had a phase transition similar to that of the mine-
ral Mg^B 0 _C1 ^. It was subsequently shown for a number of compounds, 
that the low temperature phase is ferroelectric 2. 
This confirmed the earlier results on Mg-Cl boracite of Le Corre б. 
Magnetic susceptibility measurements by the Battelle-group revealed an an-
tiferromagnetic ordering in Ni-I boracite with a Neel temperature of 
^120 К 3' 7. Evidence was found that the onset of ferroelectricity in this 
compound at 60 К is accompanied by a weak ferromagnetism. Moreover, a 
coupling between electric and magnetic polarization was found using opti­
cal techniques 5' 7. 
V.2. CRYSTAL STRUCTURE OF BORACITES 
V.2.1. THE HIGH (a) AND LOW (β) TEMPERATURE PHASE Mg В 0 CI 
The crystal structure of Mg_B 0 CI was determined by Ito, Morimoto 
and Sadanaga 1. We have profited from a detailed description of the struc­
ture given in an unpublished report of Ascher and collaborators 8. In the 
cubic phase, space group FU3c-T^, the Mg-Cl-ions form a cubic sublattice 
which is shown in Fig.5.1· The nearest neighbour environment of the Mg-
ions, which are all equivalent, is formed by four nearly coplanar oxygen 
ions and two chlorine ions constituting an elongated octaeder (Fig.5.2a). 
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Fig 5 1 Sublattice of Mg and Cl ions in cubic phase of boracite 
The three inequivalent Mg- latt ice s i t e s in the orthorhombic phase 
are numbered 1 to 3 The arrows indicate the change in position of 
the ions in the orthorhombic phase 
The space between the cubic arrangement of the octaeders is filled with a 
boron-oxygen network: four boron ions form a tetraeder, surrounding a Cl-
ion, the remaining ions lie approximately coplanar with the oxygen ions 
surrounding a Mg-ion. Considering only the nearest neighbours, the point 
symmetry of the metal ions is D . The more outwards lying ions reduce the 
symmetry to S, ( It ). 
The low temperature phase is orthorhombic, space group Pca2 (C^). 
The unit cell has half the size of the unit cell in the cubic phase. The 
relation between cubic and orthorhombic axes is illustrated in Fig.5.3. 
F i g 5 2 Nearest neighbour environment of Mg in cubic (A) and 
orthorhombic (B) phase of M g 3 B 7 0 1 3 C l Distances in cubic phase 
are Mg - О 2 04 Â, Mg - Cl 3 02 Ä In В a lat t ice s i te is shown 
which has i ts CI - Mg - Cl axis perpendicular to the polar axis (type 
2 and 3 o f Fig 5 1 ) 
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If we describe the cubic crystal structure on the orthorhombic coordinates, 
it turns out that the 2h equivalent Mg-ions in the cubic unit cell split 
up into three inequivalent classes of eight Mg-ions each. These are num­
bered 1 to 3 in Fig.5.1. The eight Cl-ions remain all equivalent. As there 
are no special positions in the space group Pca2 , there are no restric­
tions to the shifts of the ions with respect to their cubic coordinates. 
с с 
b 
Fig.5.3. Relation between cubic (a, b, c) and orthorhombic (a', b', c') 
unit cell of boracites. 
According to Ito et al. the orthorhombic phase differs from the cubic one 
only in the positions of the CI- and Mg-ions. The displacement of these 
ions with respect to the cubic positions is indicated by the arrows in 
Fig.5.1. The Mg-ions shift 0.23Ä along cubic [юо]-directions. All halogen 
ions lying in the same (OOl)-plane shift in the same direction which is 
alternatively [l 11] and [Τΐΐ] for successive planes. The displacement for 
the Cl-ions is 0.2lft. 
If we choose for the description of the environment a local coordi­
nate system with χ parallel to the four-fold axis, the nearest neighbour 
environment of the three different Mg-ions in the orthorhombic phase dif­
fers only in the sign of the у and ζ coordinates of the Cl-ions. A more 
significant difference is the direction of the electric polarization,which 
for two of the Mg-sites is perpendicular to the four-fold axis and parallel 
to it for the third site. The former case is illustrated in Fig.5.2b. 
The crystal structure of other boracites was not determined. Space 
group of the α-phase of Ni-I-, Cu-Br-, Cr-I-, Ni-Br- and Ni-Cl, and of the 
ß-phase of Ni-Cl- and Ni-Br-boracite were shown to be FÏ+Зс and Pca2 , res­
pectively 7. Moreover the unit cell dimensions of all boracites differ on-
ly little from those of Mg-Cl-boracites. It seems therefore reasonable to 
assume essentially the same structure for all boracites. 
V.2.2. TRIGONAL SPACE GROUP R3c (c!? ) 
As will be shown in Sections V, 5 and б the Mössbauer spectra of the 
iron boracites showed a second transition. An optical investigation by 
Schmid revealed this to be due to a phase transition from orthorhombic to 
trigonal symmetry. From x-ray diffraction data the space group was deter-
mined as R3c 
In describing the cubic-structure on the rhombohedral axes of the tri-
gonal space group we find that the unit cell and translation vectors are 
the same as for Fl+3c. There is only one special position with coordinates 
(x, x, x) equivalent with ( х + г , х + 2 , х + і ) · The number of equivalent 
sites with general coordinates is six. Two of the eight Cl-ions lie in the 
special positions and are thereby restricted to shifts along the (1 In­
direction. The 2k metal ions split up into four classes of six equivalent 
ions each. The polar axis of the trigonal phase lies along the trigonal 
axis, which coincides with one of the diagonals of the cubic unit cell. 
V.2.3. RELATION BETWEEN THE SPACE GROUP OF THE DIFFERENT PHASES OF BORACITE 
The ferroelectricity of Mg-Cl-boracite was disputed by Sonin and 
Zheludev 1 1 on ground of their empirical rules for the relation between 
space groups above and below ferroelectric transitions. More recently 
Ascher has given a simple formulation of these rules 1 2: the symmetry 
group of a phase that arises in a ferroelectric transition is a maximal 
polar subgroup of the group of the high temperature phase. A maximal polar 
subgroup is a polar subgroup not contained in any other polar subgroup. 
In the case of the boracites Pca21 was, however, believed not to be 
a maximal polar subgroup of FU3C. AS the space groups of both phases seem 
to be firmly established , we have reinvestigated the subgroups of F53C, 
using the tables of Neubuser and Wondratschek 1 3. 
The result for the polar orthorhombic and polar trigonal groups is 
given in Fig.5·^· It is seen that though the trigonal space group R3c is 
indeed a maximal polar subgroup of Fi+3c, this is not the case for the or­
thorhombic group Pca21, which therefore represents an unexplained excep­
tion to Aschers rule. 
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Fig.5.4. Diagram of subgroups of T^ (F43c) leading to orthorhombic 
0 and t r i g o n a l © polar spacegroups. (Polar groups encircled). 
a. Maximal subgroups with same translations a s original spacegroup. 
(Zellen- gleich). 
b. Maximal subgroups of spacegroups with centered lat t ices which 
have partly or wholly lost their centering (Klassen- gleich). 
c. Maximal subgroups which require an enlargment of the elementary 
cell of the original spacegroup. Not all с - relationships between 
the l isted groups are shown. 
V.3. PROPERTIES OF IRON AND NICKEL BORACITES 
For the ease of reference several properties of the iron and nickel 
boracites are listed in Table 5·1. 
The lattice constant varies with the ionic radii of the halogens and 
of the transition metal ions, the variation being larger for a change in 
metal ion. 
The high temperature magnetic susceptibility of all boracites follows 
a Curie-Weiss law 3: 
χ = C/T - э 
For all measured compounds Q is negative, which indicates an antiferro-
magnetic exchange interaction. Table 5.1. lists the Curie-Weiss tempera­
ture 0 and the effective magnetic moment μ „, derived from the Curie-
Weiss constant C. Ni-I-boracite, with the highest observed Curie-Weiss 
temperature, was found to have a Neel temperature of 'M20 К. 
Lattice constant at 20 С 
in Ì (réf. k) 
Ferroelectric Curie-
temperature К (réf. U t2) 
Curie-Weiss temperature 
0 K (réf. 3) 
Effective magn. moment 
per metal ion in M R (réf. 3) 
Ionic radii of halogens 
in A 
Fe 
Ni 
Fe 
Ni 
Fe 
Ni 
Fe 
Ni 
Cl 
12.177 
12.019 
607 
6IO 
-37 
-IOS 
-5.77 
U.13 
1.81 
Br 
I2.I9O 
12.035 
1+99 
398 
— 
-133 
— 
I+.IU 
1.95 
I 
12.225 
12.01+6 
ЗІ+5 
60 
(-130) 
-325 
(6.16) 
U.15 
2.16 
Table 5.1. Properties of iron- and nickel boracites. 
Ferroelectricity has now been shown in the orthorhombic phase of all 
three Ni-boracites 2' 7 and of Mg-Cl-boracite 6. 
The optical absorption spectra of a number of boracites have been in­
vestigated by Dormann 3 8. Of the iron boracites only Fe-Cl-boracite was 
investigated. From the spectra it was concluded: 
10 Dq = 8800 cm" , 
while the tetragonal splitting of the lower octahedral 5T -level was given 
-1 . . . 
as: ^ 26OO cm . In the interpretation of the spectra it was assumed that 
the tetragonal field splitting was smaller than the octahedral, splitting 
10 Dq. Our calculations (Section V.6.Ua) show that this is probably incor­
rect, which means that the values of the crystal field splitting given a-
bove are uncertain. 
V.U. MOSSBAUER MEASUREMENTS ON OTHER FERROELECTRIC COMPOUNDS 
Reports on Mossbauer investigations of ferroelectric compounds are 
rather scarce in the littérature. They all concentrate on ferroelectrics 
with perovskite structure. The first suggestion of a Mossbauer investiga-
tion of these ferroelectrics was made by Muzikar, Janovec and Dvorak 11+, 
who predicted an anomaly in the Mossbauer fraction near the ferroelectric 
Curie temperature Τ , on the basis of Cochran's theory 1 5 of ferroelectri-
city in perovskites. According to this theory the frequency in one of the 
transverse optical branches of the lattice vibrations decreases linearly 
with T-T when approaching Τ from higher temperatures. This leads to a 
lowering of the Mossbauer fraction f(T). 
A minimum of f(T) at Τ = Τ was found experimentally for 119Sn1+ in 
BaTi nSn „О 1 6 for 5 7Fe 3 produced in the decay of Co 5 7 in BaTiO 1 7, 
and for 5 7Fe 3 + in Pb(Fe
n
 ^Nb )0 1 8. In all cases the quadrupole split­
ting changed appreciably at the ferroelectric Curie temperature, becoming 
larger in the ferroelectric phase. In addition Bhide ала Multani 1 7 found 
a linear relationship between the quadrupole splitting and the squared 
spontaneous polarization Ρ · 
In both experiments on Fe 3 + the isomer shift showed a discontinuity at Τ , 
и 
which was ascribed to a change in S-electron density. Pb(Fe J^o
n
 r)^, is 
so far the only ferroelectric containing iron as a component of the lattice 
in which the ferroelectric transition was investigated using Mossbauer ef­
fect. Other ferro- or antiferroelectric substances containing iron are 
BiFeO and its numerous solid solutions with other compounds, and 
KiFe(CN)¿-,3H 0. The latter is a common Mossbauer substance, frequently 
used as absorber because its Mossbauer spectrum consists of a single nar-
row line. To our knowledge no effect of the ferroelectric transition 
(T = -2k.5 C) on the Mossbauer spectra have been observed so far. 
и 
V.5. EXPERIMENTS AND RESULTS 
Mossbauer spectra were taken of the three iron boracites (Fe-Cl-, 
Fe-Br-, and Fe-I-boracite) and of the three nickel boracites (Ni-Cl-, 
Ni-Br-, and Ni-Iboracite) doped with 1 at % or less 57Fe, at temperatures 
between 80oK and 1100 K. All compounds were prepared by Dr. H. Schmid at 
Battelle, Geneva. Spectrometer, furnace and cryostat described in Chapter 
II were used. 
The absorbers were made of powdered single crystals either mixed with 
epoxy resin or pressed tightly in boron-nitride pill boxes. The thickness 
of the samples ranged from 20 to kO 's/cm2. 
Examples of the spectra obtained are presented in Figs.5.5 to 5.11. 
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Fig .5 .5 . Mössbauer spectra of F e - C l - b o r a c i t e at different temperatures. Zero velocity corresponds 
with center of iron spectrum at room temperature. Spectra at 84 and 2 9 7 ^ were obtained on a thinner 
absorber a s the remaining spectra. 
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Fig.5.7. Mössbauer spectra of Fe-I-boracite. 
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From the spectra we have derived the values of the quadrupole splitting(s) 
and the isomer shift as a function of temperature. These are given in the 
Figs.5.12 to IT. The line positions were determined by calculating the 
center of gravity when the lines were clearly separated. In case of an 
appreciable overlap the spectra were fitted assuming Lorentzian line shape 
(linewidth 0.2U /sec). In a few cases the positions were merely estima­
ted from peak positions. 
The velocity scale was calibrated using the room temperature spectrum 
of an iron foil. The center of symmetry of this spectrum was taken as ve­
locity zero and the isomer shift is accordingly given with respect to iron 
at room temperature. 
We have also measured the total absorption for the iron boracites as 
function of temperature above 300 K. To this end spectra were taken at 
different temperatures with the same velocity range. For each spectrum the 
mm/sec 
0 200 400 600 800 0K 
Fig.5.12. Temperature dependence of quadrupole splitt ings (2e) and isomer shift 
(δ) observed in the Mössbauer spectra of F e - C l - b o r a c i t e ; 2f i s the quadrupole 
spli t t ing present in both trigonal and orthorhombic phase, 2e splitt ing present 
only in orthorhombic phase, and 2e i s the quadrupole split t ing in the paraelectric 
phase. 
mm/sec 85 
Fig.5.13. Temperature dependence of quadrupole spli t t ings and isomer shift 
observed in Mossbauer spectra of F e - Br- boracite. 
mm/sec 
3.0 
Fig.5.14. Temperature dependence of quadrupole split t ing and isomer shift of 
Mossbauer spectra of Fe -1 -bo rac i t e . 
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Fig.5.15. Temperature dependence of quadrupole splittings and isomer shift of 
S 7 F e i n Ni-Cl-boracite. 
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Fig.5.16. Temperature dependence of quadrupole splittings and isomer shift of 
5 7 F e in Ni-Br-boracite. 
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Fig.5.17. Temperature dependence of quadrupole splitt ings and isomer shift of 
5 7 F e in N i - I - b o r a c i t e . 
average counting rate in this range was subtracted from the counting rate 
at a velocity far from the absorption spectrum. Use was made of the inte­
gration facilities of the multichannel analyzer. The absorption intensity 
at room temperature was taken as reference. The results are given in 
Fig.5.18. 
Finally we give some additional numerical results in Table 5.2. 
In some spectra obtained at temperatures above the ferroelectric Curie 
temperature, a background absorption is apparent on the low velocity side 
of the doublet spectrum, resulting in asymmetrical wings of the doublet. 
This background is absent in the spectra taken at the lowest temperatures, 
but may be responsible for the slight asymmetry visible in the spectra be­
low the ferroelectric Curie temperature. No attempt was made to allow for 
this background in fitting the spectra and consequently the intensity ra­
tio for the two lines observed in the paraelectric phase is probably some­
what too high. 
The quadrupole splitting 2e has a small discontinuity at Τ = Τ in 
Fe-Br-boracite. This discontinuity was not observed in Fe-Cl- and Fe-I-
boracite. The Fe-Br-boracite was most thoroughly analyzed of all six com­
pounds . 
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Compound 
Quadrupole splitting at 
80 К in mm/sec 
Isomer shift, δ, at 
300ΟΚ rel. to metallic 
iron in mm/sec. 
Temperature dependent 
shift in 10~ iran/sec 0K 
Fractional change in 
absorption intensity 
at T 1 
Intensity ratio of 
quadrupole lines in 
cubic phase (± 5%) 
Orthorhombic-trigonal 
phase transition 
2 ei 
2 E
2 
Δδ 
ΔΤ 
τ>4. 
1 
I 
I, |+> 
II |-> 
Fe-Cl 
3.01+0.01 
— 
I.IUO+O.OIO 
7.3U±0.20 
О.63+О.ОЗ 
0.7lt(6l0OK) 
0.70(925OK) 
^520OK 
Fe-Br 
3.00+0.01 
— 
1.130+0.010 
7.0l+±0.20 
0.73±0.03 
0.85(525OK) 
0.76(900OK) 
1+03±2οΚ 
Fe-I 
2.79+0.01 
— 
1.115±0.010 
7.05±0.20 
0.79±0.03 
— 
0.90(920OK) 
+^1850К 
t^2150K 
Ni-Cl 
2.78±0.02 
2.2U+O.IO 
1.085±0.010 
7.25±0.20 
— 
0.82(6l5OK) 
0.75(826oK) 
— 
Ni-Br 
2.8U+0.03 
1.70±0.10 
I.060+O.O2O 
6.50±0.30 
— 
0.85(700OK) 
— 
— 
Ni-I 
— 
— 
1.090±0.01 
7.3U+0.20 
— 
— 
0.83(l010OK) 
— 
Table 5.2. Numerical results derived from Mössbauer-spectra of 57Fe in iron and nickel boracites. 
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V.6. DISCUSSION 
In the following discussion of the results we will leave aside those 
obtained on Ni-I-boracite. These will be treated separately in Section 
V.6.5. An exception to this rule will be made in Section V.6.3. 
V.6.1. PHASE TRANSFORMATIONS 
We expect two different types of spectra corresponding with the two 
hitherto known phases of the boracites. In the cubic phase all metal ions 
are equivalent and we expect a spectrum consisting of one quadrupole pair. 
In the orthorhombic phase there are three crystallographically different 
metal ions and more than one quadrupole pair is possible. 
The Ni-Cl- and Ni-Br-boracites show the expected behaviour: in lower­
ing the temperature through the transition temperature T1 the spectrum 
changes from one consisting of a single quadrupole pair into a spectrum 
consisting of two quadrupole pairs. The intensity ratio of the two pairs 
suggests that the pair with the smaller splitting may originate from two 
lattice sites. In the nickel-boracites the two quadrupole pairs remain vi­
sible down to 80 K. The inner pair is somewhat broadened at 80 К suggest­
ing a small difference in splitting for the two sites responsible for this 
pair. 
The spectra of the three iron-boracites are similar to those of the 
two nickel compounds above and just below Τ . All three have, however, a 
second transition temperature Τ at which the inner pair disappears and 
only one splitting can be observed below this temperature. 
Optical investigations by H. Schmid have revealed, that the observed 
change in the Mossbauer spectra coincides with a phase transformation from 
orthorhombic to trigonal symmetry 0. A subsequent x-ray determination of 
the space group of this phase gave R3c (C^ ) 9. Schmid has also investi­
gated the ferroelectricity of this phase and found evidence of ferroelec-
tricity in all compounds with trigonal phase at room temperature. 
The transition at Τ takes place within 1 to 2 К and hysteresis ef­
fects of the same order of magnitude have been observed. The finite tempe­
rature range in which the transitions take place is probably due to a 
spread in T., caused by strains and defects and (less) to a nonuniformity 
of the temperature over the sample. 
The discontinuous change of the quadrupole splittings at T1 suggests 
that the cubic-orthorhombic transition is a first order transition. The 
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temperature dependence of the dielectric constant at Τ , as measured Ъу 
Ascher, Schmid and Tar 2, also indicates a first order transition. The or-
thorhombic-trigonal transition is necessarily a first order transition, 
because R3c is not a subgroup of Pca2 1 9. 
The behaviour at Τ is different for the three iron boracites. In Fe­
ci boracite the transition takes place in a temperature region of ^30 К 
(See Fig.5·5)· When the temperature is lowered the intensity of the inner 
pair decreases beginning at ^550 K, with a corresponding increase in in­
tensity of the outer pair. At 520 К the inner pair has completely dis­
appeared. The temperature dependence of the splitting of the inner pair 
(2ε
ρ
) is the same in- and outside the transition region. In Fe-Br-boracite 
the orthorhombic-trigonal transition takes place in a much shorter tempe­
rature range ( ^ 5 K). Apart from this, the behaviour of 2ε^ is like that 
in Fe-Cl-boracite. Both in Fe-Cl- and Fe-Br-boracite there is a small hys­
teresis. This is illustrated in Fig.5.13. where the temperature dependence 
of the larger splitting (2ε ) in the vicinity of Τ is given for a run 
with increasing temperature (start at Τ = 300 К) and for a run with de­
creasing temperature (start at Τ > Τ ). 
In Fe-I-boracite the transition from orthorhombic to trigonal phase 
takes place over a range of about 20 K. The value of 2ep increases rapidly 
in the transition region, contrary to what is observed in Fe-Cl- and Fe-
Br-boracite. There is also a larger hysteresis (See Fig.5.1^). A possible 
explanation of this different behaviour of Fe-I-boracite in the transition 
region is given in Sect.V.ô.Uc. 
V.6.2. TEMPERATURE DEPENDENCE OF THE MÖSSBAUER FRACTION 
A finite thickness of the absorber gives rise to saturation effects, 
that have been treated by Lang 20. The area A under a single absorption 
line is given by: 
A - f | d E [ l _ е - - к ( Е )] (5.1) 
where f is the Mössbauer fraction of the source, k(E) the line shape of an 
infinitely thin absorber and t the effective absorber thickness for the 
peak of the absorption line. The effective thickness t is a linear func-
tion of the Mössbauer fraction f' of the absorber and of the number of nu-
clei in the absorber capable of absorption. If a spectrum consists of 
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partly overlapping lines, the total absorption area is given in first ap-
proximation by: 
-£*i (5.2) 
where A. is the absorption of a single line, given by Eq.(5.l) and the 
summation is over all lines of the spectrum. From Eq.(5.l) it follows that 
the area A is not directly a measure for the Mössbauer fraction f' of the 
absorber. The absorbers, however, for which data are given in Fig.5.18 
were sufficiently thin, so that the measured area gives a good idea of the 
variation of the Mössbauer fraction with temperature. Moreover the absor-
bers had unequal thickness: the absorption intensities at room temperature 
were in arbitrary units 1, 0.66, and 0.37 for the Fe-Br-, Fe-I- and Fe-Cl-
boracite, respectively. Thus possible effects of the finite thickness are 
different for the different absorbers and thereby discernable. If, with 
increasing temperature, a spectrum changes from two lines of equal inten-
sity into four lines of equal intensity, the effective absorber thickness 
for a single line decreases by a factor 2. The expressions for the absorp-
tion area just below and above the transition temperature is then in first 
approximation: 
-t K(E) 
A(2) = 2f/dE Ql - e 0 ] (5.3) 
A(U) = 1+f 
- 7Г- K(E) 
' /dE D - e 2 1 
From Eq.(5.3) it follows: A(U) > A(2). This is observed in Fe-Br-boracite 
at 1 . The difference between A(h) and A(2) is greater, the thicker the 
absorber is, which explains why no increase in A is observed at Τ in the 
much thinner absorber of Fe-Cl-boracite. All three absorbers show, how­
ever, a strong decrease in absorption area at Τ , where the spectrum again 
reduces to two lines. Moreover, the change in A is much larger than the 
increase observed at T^ in Fe-Br-boracite. Hence this decrease in A at T. 
cannot be explained by saturation effects only. 
The strong decrease in absorption intensity at the orthorhombic-cubic 
phase transformation observed in all samples can be explained on the basis 
of the local environment in the two phases. In the cubic phase the iron 
ion has a large degree of freedom along the X-Fe-X axis (X = halogen) of 
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the surrounding octaeder. The vibration amplitude along this axis will be 
larger then perpendicular to it, resulting in the observed intensity asym-
metry of the quadrupole lines (see Section III.2.U). 
In the orthorhombic phase the iron ion occupies a strongly asymmetrical 
position on the X-Fe-X axis. The ion is trapped in a potential minimum 
vhich reduces the vibration amplitude along this axis and results in an 
increase of the Mössbauer fraction and a decrease of the intensity asym-
metry. In accordance with this picture Fe-Cl-boracite with the largest 
fractional change in intensity at Τ has also the largest intensity ratio 
of the quadrupole lines. 
It is possible to derive for the cubic phase the values of the mean squared 
vibration amplitudes parallel (<x^>) and perpendicular (<x_£>) to the X-Fe-
X axis from the temperature dependence of f' and the intensity ratio of 
the quadrupole lines 2 1' 2 2, However, the measured absorption intensity 
gives only a qualitative idea of f' and from Fig.S.^ it can be seen that 
the intensity ratio of the quadrupole lines is not very sensitive for the 
difference <x^ >- <x¿> . To obtain reliable results the intensity ratio 
has to be determined with high accuracy. For these reasons no attempt has 
been made to obtain numerical values, nonetheless the following qualita-
tive conclusions can be made. 
We expect in the boracites: <x^ > > <x¿>. Using the notation of Chap-
ter III, it follows from Fig.S.^ that Ι. /Ι ι <1. This means that the 
line corresponding to the transition 
ι+> 1 г-
has weaker intensity. In the boracites this is always the line with high­
est energy. As explained in Section III.1.2 this implies that the electric 
field gradient q is positive. This method to determine the sign of q was 
first used by Gonser and Grant 2 3. 
Moreover, it follows from Fig.3.l· that the ratio 11 /Ι ι decreases 
with increasing difference <x^ > - <x_^ > . Values of the observed intensity 
ratio of the quadrupole lines in the cubic phase are listed in Table V.2. 
The ratio 11 /Ι ι decreases, that is <x-(j> - <x?> increases with decreas­
ing ionic radius of the halogen ligand. This holds for both the iron and 
nickel boracites. The lattice constants of the iron boracites differ by 
less the 0.5 per cent. The same is true for the nickel boracites. There­
fore it is reasonable to assume that the vibration amplitude of the iron 
ion in the plane of the surrounding oxygen ions, <x?>, is approximately 
the same in all three iron boracites and the increase in <x., > - <x^> is 
thus mainly due to an increase in <x^>: the smaller the halogen ion, the 
larger is the vibration amplitude on the X-Fe-X axis. 
Most spectra in the orthorhombic phase have a slight intensity asym­
metry visible in the four-line spectra. As the surroundings of the metal 
ion are highly asymmetrical in the orthorhombic phase, anisotropic vibra­
tions axe possible. However, it is no longer easy to predict their direc­
tional dependence, nor is it possible to give their influence on the in­
tensities of the quadrupole lines because the quadrupole interaction has 
lost its axial symmetry and the |± 3/2> and |± 1/2> states will be mixed 
up (Eq(3.9)). 
V.6.3. ISOMER SHIFTS AND SECOND ORDER DOPPLER SHIFT 
Only small variations in isomer shift were observed in the present 
investigation. The isomer shift of the nickel boracites lies somewhat be­
low that of the iron-compounds (Table 5.2). We list in Table 5-3 the iso-
2+ 
mer shifts of a number of ionic Fe -compounds, compiled recently by Grant 
et al 2l+. In Table 5-3, 6 is generally about 0.1 mm/sec larger than ob­
served for the iron boracites. Thus the s-electron density |ψ (θ)|2 at the 
2+ . S 
nucleus is larger for Fe in the boracites. 
Compound 
F e F 2 
F e S i F . « 6 H
o
0 
о 2 
Fe SO. 
Fe S 0 l t - 7 H 2 0 
F e ( N H 1 + ) 2 ( S 0 u ) 2 - 6 H 2 0 
Fe С 0 3 
Fe С 1 2 ' І Ш 2 0 
Fe C 2 0 ^ - 2 ^ 0 
¿mm/sec 
1.30 
I . 2 7 6 
I . 2 6 6 
1.257 
I .2U2 
1.235 
1.217 
1.197 
Table 5.3. Isomer shift relative to 
2 + 
metallic iron of Fe -
compounds (From re f.(2 5)). 
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There is practically no difference in 6 for the three halogen ligands, in 
contrast to what is observed on tin halogenides 25, which show a strong 
dependence on the electronegativity of the halogens. 
Costón et al. have studied the influence of pressure on the Mössbauer 
spectra of divalent Fe57 in CoO 26 and CoSO, 27. They found a decrease of 
the isomer shift with increasing pressure and obtained for the volume de-
pendence : 
= 0.52 mm/sec, (I) 
The authors suggest this decrease of 6 to be due to a spreading out 
of the iron 3d-electrons towards the ligands, which would reduce the amount 
of shielding of the 3s-electron density at the nucleus. 
Averaging for different halogens we observed (Table 5·2): 
6(Fe - B) - 6(Ni - B) = 0.05 mm/sec. 
It is probable that this change is due to the smaller volume available for 
2+ . • the Fe ions in the nickel boracites. 
Within the accuracy of present measurements (0.01 mm/sec) no disconti-
nuities were observed in the isomer shift at the transition temperatures 
Τ and Τ indicating that there is no important redistribution of elec­
trons over the metal- and ligand-ions at the transition points. 
Above ^200 К the temperature dependent shift is constant and is es­
sentially the same for all boracites investigated, except possibly for the 
Ni-Br-boracite which has a slightly smaller value for -¡-^ . The other ob-
served values of — are close to the theoretical limit of 7·3 10 mm/sec TC. 
.6.Ц. TEMPERATURE DEPENDENCE OF THE QUADRUP0LE SPLITTING 
a. Cubic phase 
In the cubic phase the point symmetry of the Fe -ion is S. (h). How­
ever in first approximation the crystal field symmetry may be taken as 
Dp,, which is the symmetry of the nearest neighbours. The splitting of the 
ς 2+ . 
D^ state of Fe -ion in a crystal field of D symmetry was treated in 
Section III.2.1. In the present case the deviation from pure octahedral 
symmetry is a rather massive one and it is not allowed to treat its effect 
as small compared to the octahedral crystal field splitting lODq. 
To get an idea of what may be expected, we have made a point charge 
calculation of the crystal field parameters. As explained in Section 
III.2.lb, the numerical values obtained in such a calculation are always 
too low. However, they give an insight into the relative magnitudes of the 
various parameters. 
2+ 
For a Fe -ion in D -symmetry the expression for the crystal field 
potential is (See Section III.2.lb and Table 5 of ref. 28): 
V
c = vto Z20 + <0Zt0 + <А ( 5 Л ) 
This field splits the 5D-free ion state into four levels A , Β , Β , and 
E with eigenfunctions as given in Table 3.1. Using Table A 21 of ref. 29 
с the energies of these levels, expressed in the γ are found to be: 
nm 
-e {6γΡ
η
 < A + 2V5 y* <r2>} 
'V-r/U^O-—"20. 
EB 1 = ^7=
 {
^<k < r > + УІ0<Г> - 2 ^ 2 0 < r > } 
X = 7 ^ = ^ ^ Y ^ < Λ + YÏ0 < Λ - 2 ^ Ύ20 < r 2 > } 2 Τ V 4π 
Ε
Ε
 = ^
r { - U Y J 0 < A + ^ 4 < r 2 > } (5.5) 
TV 4π 
2 k . 2 h 
Here <r > and <r > are the expecxation values of r and r for the radial 
wave function of a 3d-electron: 
<r > = <Ф
з а
 I r I ф
з а
> (5.6) 
c c с We have calculated the coefficients Ύρ
η>
 Ύ),
η) ami у, . by considering only 
the б nearest neighbours and by taking the contribution from kh more ions 
lying within a distance of ^ A of the metal ion, using the data of Ito 
et al. 1. The results are given in Table 5·^· The symmetry of the 50 ions 
is Si , which means that the expression for V has to be augmented with a 
term γ· 1 Z,, (see Table 5 of ref. 28). The effect of this term is to mix 
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the eigenfunctions of the В and В levels. However, it turns out that 
s 
UU* Ύι i.Or'Sis rather small and we shall neglect it 
Nearest neighbours 
UU ions 
Total 50 ions 
? с 
-e<r2>Y20 
(cm" ) 
- 27000 
+ 9500 
- I75OO 
-
e < r 4
^o 
(cm~ ) 
+ 3820 
- 700 
+ 3120 
и с 
-
e < r
 ^kk 
(cm" ) 
+ 78ОО 
- 680 
+ 7120 
(cm" ) 
- 330 
- 330 
<r
2
> = 1.39 a.u.; <r1+> = U.50 a.u. (ref. 35) 
Table 5.U. Crystal field parameters calculated for iron ion in boracite. 
The energy level diagram calculated with these values is given in 
Fig.5.19. The most important conclusion is that for both sets of parame­
ters the A level is the lowest one, followed by E, while В and В lie 
much higher. It is not allowed to incorporate other interactions which de­
termine the crystal field splitting like overlap and covalency by a simple 
scaling factor as these interactions may have different effects on the 
с 
crystal field parameters γ . A reasonable conclusion seems, however, to 
nm
 2 + _ 
be that the two lowest levels of the Fe -ion in the boracites are E and 
A1, relatively close together, with В and В lying several thousands cm" 
higher. 
Thus in calculating the electric field gradient due to the ionic elec­
tron distribution for temperatures up to 1000 K, the contribution of the 
В and В levels can be neglected. 
With this assumption the temperature dependendence of the quadrupole 
splitting was calculated. It has been pointed out by Eicher d u and Ingalls 
that spin-orbit coupling should be taken into account when the low lying 
2 + 
crystal field levels lie close together. Spin-orbit coupling of Fe -ions 
31 
32 and in a tetragonal crystal field has been treated by Bose et al, 
Griffith 33.In the cases treated by these authors the tetragonal perturba-
2 + 
tion of the octahedral environment of the Fe -ions was small, which means 
that the lowest lying levels are E and В . There is an isomorphism between 
• K^crn-1 
6 
2 
О 
Fig.5.19. Energy level diagram of F e 2 + - i o n in boracite, calculated by considering 
nearest neighbours only (a) and by considering 44 other ions within a sphere of radius 
S Â around the metal - ion (b). 
the eigen states of E and В and orbital eigen states with L = 1, and an 
effective Hamiltonian 
H
eff = Δ ( 1 " "L· 5 + A L ,' S (5.7) 
with L' = 1, can be used to describe the splitting of the E and В levels 
under influence of both the tetragonal crystal field and the spin-orbit 
coupling. 
In boracites the lowest levels are E and A and it is not allowed to 
use an effective Hamiltonian with L = 1. The orbital eigen states of the 
doublet E can be chosen to be ILM > with L = 2, M = ± 1, the eigen state 
of A is |20>. The crystal field splitting between E and A is then given 
by an effective Hamiltonian 
- Δ(1 - М2) 
and the total effective Hamiltonian including spin-orbit coupling: 
Η =λ L.S - Δ(1 - Щ) 
eil L 
(5.8) 
(5.9) 
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which is similar to Eq. (5-7), except that now L = 2. 
Eq. (5-9) has to be diagonalized in the 15-âimensional space spanned by 
the product functions |Ш
Т
> |S M > with L = 2, M = 0 , + 1; S = 2, M = 0 , 
Li S J_i S 
± 1, ± 2. As in the cases treated by Bose 3 1 and Griffith 3 3 the matrix 
splits up into seven submatrices which are given in Table 5-5· In Fig.5.20 
the eigen values are given in units of λ as function of ω = Δ/λ. 
The orbital part of the eigen state of each level is a linear combi­
nation of |M >-states 
ψ
η
= 5 ν ν ( 5 · 1 0 ) 
M 
The electric field gradient eq of such an eigen state is 
(eci)
n
 = e Ç a 2 q (5.11) 
M ' L 
where eq. , the EFG of a pure |М
Т
>-state, is given by 3 0 , 
e > T > = - ψ
 < r
"
3 >3d ^ - ^ ( 5 · 1 2 ) 
Li 
Finally, to find the EFG of the ionic electron distribution at Τ > 0, the 
thermal average <q. . > has to be calculated with Еа.(З.Зб). This has 
^ rionic Τ ^ 
been done for several values of ω= Δ/λ. From the results given in Fig.5.21 
it is seen that for /λ > 1, or Τ > Ή00 К, I<q. . >_| decreases with 
' ' ' ^ lonic Τ1 
increasing temperature for ω > 0, and increases for ω < 0, but <q. . >
m
<0 0 e
 » rioni с Τ 
in both cases. With the sign of the spin-orbit coupling constant as in Eq. 
2 + (5·9), λ >0 for Fe -ions. Hence ω > 0 ->- Δ > 0, which means that A. has 
lowest energy. 
As explained in Section III.2.Id, Eq.(3.30), the lattice contribution 
to the EFG is proportional to γ
ρ η
 of Eq.(5.^). Thus the lattice contribu­
tion to the quadrupole interaction can be estimated from the value of γ
 n 
given in Table 5.^: 
e
2(l-Yjq Q 
ε
Ί
 . . = 1 = + U.9 χ 10 eV = 1.05 mm/sec 
latt 4 
where we have used l-γ = 10 and Q = 0.28b. Note that q, ,, is positive. 
00
 latt 
100 
| M L l M s > 
|-i.i> 
|o.o> 
|i.-i> 
l-i.O 
-x 
3λ 
0 
|o.o> 
3λ 
-Δ 
3λ 
|ι.-ι> 
0 
3λ 
- λ 
|M L ,M S > 
| ϊ1,±2> 
lo.ii> 
|ίΐ,ο> 
|+1 1 ±2> Ι Ο , ί ^ | ί1,0> 
-2λ λΝ/δ 0 
\\ίβ -Δ 3λ 
0 3λ 0 
|M L ,M S > 
|0.±2> 
| ί ΐ , ± ι > 
| 0 . Í 2> | t1 , i 1> 
-Δ λ\/6 
λ\/6 λ 
|M L ,M S > 
I ± 1 . î 2 > 
l±1 .±2> 
2λ 
Table 5.5. Matrices of effective Hamiltonian (Eq(5.9)), within the 15 χ 15 dimensio­
nal space spanned by the product functions | LML > |SMS> = | ML Ms> with L = 2, 
M, = 0 , ± 1 and S = 2 , Μ
β
 = 0,±1, ±2. 
Fig.5.20. Eigenvalues of the effective Hamiltonian H «, given in the text, as 
function of the energy difference Δ between E and Aj levels, ω = Δ/λ, λ = spin orbit 
coupling constant. 
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s* 
- 3 5 
- 3 
- 2 5 
- 2 
..<ψ 
-
ч^ 
^ " ^ ^ ^ Ш г + 
-^,^ ^
4
^^^!!)!*« 
'^"•••"»«^ шг+г ^ ^ ^ ^ ^ ^ 
limiting value at high temperatures 
ω=-Α 
^ — — 
θ ΚΤ/λ 
Fig 5 21 Temperature dependence of the electric field gradient, <q>f for an F e 
ion with A and E a s lowest levels, for different values of ω = Δ/λ 
ι 
2+ 
It should be kept in mind, that this calculation is usefull only to give 
the order of magnitude of q ... Nonetheless the calculated value compares 
. . 3+ favourably with the measured quadrupole splitting of Fe in methemoglobin 
(3*0 where the environment of the iron ion is also strongly deviating from 
octahedral symmetry. 
The total EFG at the nucleus is now given by: 
q = (1-R) <q i o n i c> T+ (1-Yjqlatt· (5.13) 
From the experimental data the following conclusions can be drawn at 
once. We have seen that in all boracites in the cubic phase q > 0 (Section 
V.6.2). This means: (ΐ-γ )|q
n
 ..I>(1-R)I<q. . >
m
|. The observed increase 
00
 ' latt ' ' ^ lonic T' 
of the quadrupole splitting with increasing temperature is then due to a 
decrease in 
<q. . >
m
| which means, as we have seen, that the A.-level 
•^lonic T' * ' 1 
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lies lowest. 
We have tried to fit the observed temperature dependence of the qua-
drupole splitting with the calculated curves of Fig.(5.2l). A fundamental 
difficulty is the effect of covalency, discussed in Sect. III.2.If. As in 
2+ . 
the present case the Fe -ion is surrounded by two different ligands, the 
covalency may be different for the two types of orbitals involved in the 
calculations. Ingalls З 1» 2 7 uses a2 = 0.8 for all iron compounds with oc­
tahedral oxygen surroundings. 
The values used by other investigators for the interpretation of Mossbauer 
spectra of Fe in halides are FeF»: a2 = 0.6 3 1, FeCl : a 2 = 0.90 З б and 
Felp: a
2
 = 0.7 3 7· We have no data on FeBr_ at our disposal. We choose, 
. . 9 2+ . 7 
rather arbitrarily, az = 0.7 for Fe -ion in all boracites. With λ =103 
-1 . . -, 0 
cm for the free ion value of the spm-orbit parameter, λ = αζ. λ =70 
cm and one unit on the temperature scale of Fig.5.21 becomes equal to 
M00 K. For the vertical scale we use Eq.(3.37) and multiply the free ion 
'3d 
value of <r >_ and R by a2. The quadrupole splitting, which corresponds 
with the unit 
-3 
is then 2ε = h.0 mm/sec. It is now possible to compare the measured tempe­
rature dependence of 2ε , with the curves of Fig.(5.2l) and so to deter­
mine Δ and <q. . > . Comparison of the quadrupole splitting, correspond­
ing with this value of <q. . > with the measured quadrupole splitting, 
gives an estimate of 2ε ,.. In this way the following values were derived 
Fe-I : Δ = 70 cm" ; 2e . = 2.90 mm/sec 
Fe-Br: Δ = l80 cm" ; 2ε
π
 .. = 3.05 mm/sec 
latt 
Fe-Cl: Δ = 70 cm" ; 2ε = З.Ю mm/sec. 
The steep rise of 2ε_ with temperature observed in Ni-Cl- and Ni-Br-
boracite cannot be fitted with the curves of Fig.5.21. Possibly this re­
flects our suggestion that the covalency may affect the orbitals belonging 
to the E and A -levels in a different way. The smaller lattice constant of 
. 2+ . . . 
Ni boracites will affect the Fe -orbitals more in directions perpendicu­
lar to the X-Fe-X-axis (X = halogen) than along this axis, because of the 
ample space in the latter direction, as revealed by the larger vibration 
amplitude. There is no simple way to incorporate these effects in our cal-
culations as even λ in the effective Hamiltonian Eq.(5.9) would have to be 
chosen differently for M = + 1 and M = 0 states. 
L L 
In conclusion: our model explains qualitatively the observed temperature 
dependence of 2ε_. The numerical results should be considered only as of 
the right order of magnitude. 
JD. Orthorhombic phase. 
2+ . 
A calculation of the crystal field potential for the Fe -ion in the 
orthorhombic phase would be much more complicated than in the cubic phase. 
The number of parameters to Ъе calculated is not restricted Ъу symmetry, 
the eigenfunctions are not given by symmetry requirements, and because of 
the ferroelectric polarization the calculation should include point di-
poles at the lattice sites. The importance of the dipole contribution to 
the crystal field V is clear from the large difference in quadrupole 
splitting ohserved on ions with the X-Fe-X-axis parallel and perpendicular 
to the polarization axis, a difference which cannot be explained on basis 
of the small environmental differences (i.e. the position of the halogens, 
- > • 
see Sect.V.2.l). Moreover, as the electric polarization Ρ is temperature 
dependent, the coefficients γ in the expression for V will also be 
temperature dependent. 
Some qualitative conclusions remain possible. For iron ions, Fe(l), 
- > • 
having their X-Fe-X-axis parallel to the electric polarization Ρ , the 
axial symmetry, which was present in the cubic phase, is only weakly dis­
turbed in the orthorhombic phase. Thus the eigenfunctions used in the cu­
bic phase are probably still good descriptions of the electronic states of 
Fe(l) in the orthorhomhic phase. The larger quadrupole splitting (2c ) 
which decreases strongly with increasing temperature indicates that for 
Fe(l): 
(^КОПІС^І > ( 1-Ok l attl 
which might be due to an increased energy difference between A1 and E or a 
decrease in q ,. compared with the cubic phase. 
For the iron ions with the X-Fe-X-axis perpendicular to Ρ , Fe(2), 
strong deviations of axial symmetry may be expected. The electronic states 
can probably no longer be descrihed with the eigenfunctions of ТаЪІе 3.1, 
which makes the interpretation of the observed quadrupole splitting (2ε_) 
a difficult matter. The strong increase of 2Cp, below 300 К observed on 
Fe in Ni-Cl- and Ni-Br-horacite indicates, however, again that the ionic 
EFG is larger than the lattice EFG. 
Two factors may play a part in the explanation of the different beha­
viour of 2ep near T_ in Fe-I-boracite, as compared with Fe-Br- and Fe-Cl-
horacites (See Section V.6.1). In the first place, the quadrupole split­
ting is more sensitive to changes in crystal-field splitting at low tempe­
rature than at higher temperatures. This can Ъе seen, for example, in Fig. 
5.21 : at low "cemperature the curves for different ω are more widely spaced 
than at higher temperatures. Secondly, as proposed below, the trigonal 
phase differs from the orthorhombic phase again mainly in the position of 
halogen and metal ions. As the iodine ion has the largest ionic radius a 
displacement of this ion will introduce larger disturbancies in the sur­
rounding lattice than displacements of CI- or ÍBr-ions in the two other 
iron boracites. Thus it is possible, that in the transition region when 
part of the crystal is in the trigonal phase, the orthorhombic structure 
2+ . 
is distorted, changing the crystal field at the Fe -ions. 
c_. Trigonal phase. 
The major part, which the polarization has to play in the explanation 
of the orthorhombic spectra is confirmed by the observation of only one 
quadrupole splitting in the trigonal phase. In this phase the polar axis 
2 + lies along a cubic diagonal, which means that the X-Fe-X-axis of all Fe -
sites have the same direction with respect to the electric polarization. 
The fact that 2ε1 changes only little at Τ seems to be accidental 
because the direction of polarization changes for all three orthorhombic 
-> 
metal-ion sites. Possibly, the change in orientation of Ρ is compensated 
- > •
 e 
by a change in |p |. 
It is probable, that the displacements of the metal- and halogen-ions 
in the trigonal phase are of the same type as in the orthorhombic phase. 
There are then two types of configurations of the metal-halogen sublattice 
possible, which we show in Fig.5.22. Of these only type b has a unique po­
lar axis, while in type a the three diagonal directions are equivalent, 
disregarding possible deformations of the whole lattice. Moreover, the 
number of ions that change position compared to the orthorhombic structure 
is much greater for type a than for type b. Therefore type b is the most 
probable structure in the trigonal phase. 
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Fig.5.22. Two possible configurations for the metal-halogen sublat t ice in the 
trigonal phase of iron boracites. Only the central part of the unit cell is shown. 
Compare with Fig.5.1. Metal ions lying on the same (100)-axis shift in the same 
direction. 
A. The halogen ions shift in different diagonal directions indicated in the figure 
by arrows. The numbers give the four inequivalent metal-ion lat t ice s i tes . The 
(111)-direction was choosen a s the polar axis, but it i s clear from the figure 
that in this configuration all diagonal directions are equivalent disregarding a 
poss ib le distortion of the whole latt ice. 
B. The halogen ions shift all in the same (111)-direction. The (111) diagonal i s now 
a unique polar axis. 
V.6.5. Ni-I-BORACITE 
According to the interpretation of the quadrupole spectra of the cu­
bic phase given in Section V.6.Ua (ΐ-γ )|q
n
 ..I >(1-R)|<q. . >_| for the 
°° latt ' ' ^ lonic T' 
five boracites considered. Here q , is temperature independent and posi­
tive, while <q. . > is negative and its absolute value increases with 
ionic Τ 
temperature when A is the lowest crystal field term. This explained the 
observed increase in quadrupole splitting with increasing temperature. In 
case of a low transition temperature Τ it is then possible that (1-R) 
<q. . >_ becomes equal to (l-γ )|q
n
 , , I at a certain temperature Τ . 1
 ^lonic T' H '°° '^latt' y о 
The quadrupole splitting becomes zero at Τ and increases with decreasing 
temperature below Τ . 
The quadrupole splitting 2e_ observed (Fig.5.17) for Fe in Ni-I-
boracite (T- - бО К) does indeed show a minimum at about 500 K, but the 
minimum is different from zero. In addition the quadrupole lines become 
broader at temperatures below 500 К (See Fig.5.10). 
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A possible explanation of the observed spectra lies in the relatively-
high Neel temperature of the Ni-I-boracite. It is well known,that exchange 
interactions have to be incorporated in the effective Hamiltonian (Eq(5.9)) 
when the time averaged value of the z-component of the electron spin,<S >, 
differs from zero. The magnitude of <S > depends on temperature and this 
introduces an added temperature dependence in the crystal field splitting 
and hence in <q. . >. This has been observed by Ono et al. in FeCl_ 3 6. 
•^lonic Τ J 2 
The influence of <S > depends on the orientation of <S > with respect to 
Z
 2+ . . Z 2+ 
the symmetry axis of the Fe -ions and thus is not the same for all Fe 
2+ . 
ions. Moreover <S > may vary over the sample because Fe is an impurity 
in the nickel boracite. Thus we may expect that the temperature at which 
the ionic ала lattice EFG are equal to each other, is not the same for all 
ions, and that line broadening occurs if the increase in <q. . > is par-
' ^lonic ^ 
tially due to exchange effects. 
At low temperatures the increased broadening (Fig.5-11) is indoubted-
ly due to the onset of antiferromagnetic ordening. The interpretation has 
to await measurements at lower temperatures. 
V.T. CONCLUSIONS 
We conclude this chapter with a summary of the main results. A new 
transition to trigonal phase was discovered in the iron boracites. 
From the Mössbauer absorption intensity and the asymmetric quadrupole dou-
blet we may conclude that the metal ion has a large vibrational anisotropy 
in the cubic phase with largest vibration amplitude along the halogen-metal 
axis. 
2+ 
In the strong tetragonal field the lowest lying state of the Fe -ion is 
|3z2 - r2> with an energy difference of a few hundred cm or less with 
the next higher state which is the doublet |zx>, |yz>. The sign of the 
quadrupole coupling constant is positive whence necessarily |EFG | > 
_LcL Ъ L 
ΙΕΡΟ. . |. The splitting caused by q is ^3 mm/sec, assuming a2 = 0.7, 
lOIllC _Lâi"CX 
which should be compared with the value 2.1 mm/sec, based on a point charge 
calculation. 
The spectra of the orthorhombic and trigonal phase indicate that the elec-
tric polarization has a strong influence on the crystal field splitting. 
In the Ni-I-boracite there are indications that exchange interaction is 
not negligible below UOO K. 
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SUMMARY 
This thesis contains the results of a Mössbauer investigation on two 
different types of compounds: gallium iron oxide and boracites. Both com-
pounds show magneto-electric effects, but are widely different in struc-
ture ала behaviour. This investigation had no direct bearing on the magne­
to-electric properties. 
Chapter I serves as ал introduction to the phenomenon of nuclear re-
coilless emission, the Mössbauer effect, and gives a brief outline of the 
experimental method. 
The investigation was carried out with a spectrometer suitable for 
measurements using 57Fe as the Mössbauer nucleus. A vacuum furnace and a 
simple cryostat permitted measurements at absorber temperatures between 80 
and 1100 K. The apparatus is described in Chapter II. 
Chapter III gives a survey of the theory used in the interpretation 
of the observed spectra. 
Five different compositions of gallium iron oxide, Ga? Fe 0_(0.7 < x 
< 1.U), were investigated. The results are given in Chapter IV. The mea-
surements have given information on the distribution of cations over the 
lattice sites, on the electric field gradients at the different cation 
sites and on the spin arrangement. In connection with the investigation 
on Ga„ Fe 0_, measurements were carried out on aluminium iron oxide, 2-х χ 3 
AlFeO , and on iron substituted ß-Gap0_. The first compound is isomor-
phous with Ga^ j Fe 0_ , the latter compound is more stable than Ga Fe 0_ 
when χ < 0.7. 
Chapter V is devoted to boracites, which are complex ferroelectric 
compounds with the general formula: Me_B 0 _X, where Me is a divalent me­
tal ion and X one of the halogens CI, Br or I. We have investigated the 
iron and nickel boracites. From the spectra the temperature dependence of 
the quadrupole splittings was determined. Special attention was given to 
the change in vibration amplitude of the iron ions in the transition from 
the cubic paraelectric to the orthorhombic ferroelectric phase. The Möss-
bauer spectra have led to the discovery of a trigonal phase of the iron 
boracites. The quadrupole splitting observed in the cubic phase was sur-
prisingly small and increased with increasing temperature. This behaviour 
could be explained qualitatively on the basis of Crystal Field Theory. The 
quadrupole interaction in the other phases was not analyzed in detail, but 
a strong influence of the permanent electric polarization is evident from 
the spectra. 
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SAMENVATTING 
In dit proefschrift worden de resultaten gegeven van een Mössbauer 
onderzoek aan twee soorten ijzer-verbindingen: Gallium ijzer oxide en Bo-
racieten. In beide verbindingen zijn magneto-elektrische effekten gevonden, 
maar voor het overige zijn het zeer verschillende stoffen. Dit onderzoek 
had geen direkte betrekking op de magneto-elektrische eigenschappen. 
Hoofdstuk I is een inleiding op het verschijnsel van terugstootloze 
emissie van γ-straling, het Mössbauer effekt, en geeft een korte beschrij-
ving van het principe van de meetmethode. 
Ten behoeve van het onderzoek is een Mössbauer spektrometer gebouwd, 
die geschikt is voor metingen met 57Fe als Mössbauer kern. Een vacuum-oven 
en een eenvoudige kryostaat maakten het mogelijk metingen uit te voeren 
bij temperaturen tussen 80 en 1100 K. Deze apparatuur wordt beschreven in 
Hoofdstuk II. 
In hoofdstuk III wordt een overzicht gegeven van de theorie, die ge-
bruikt is bij de interpretatie van de waargenomen spektra. 
Gallium ijzer oxide, Ga? Fe 0 (0.7 < x < 1.U) werd onderzocht in 
vijf verschillende samenstellingen. De resultaten zijn gegeven in Hoofd-
stuk IV. Uit de spektra werd informatie verkregen over de verdeling van 
de kationen over de beschikbare roosterplaatsen, over de Elektrische Veld 
Gradiënt op deze plaatsen en over de oriëntatie van de spins. In samenhang 
met het onderzoek aan gallium ijzer oxide werden ook metingen verricht aan 
aluminium ijzer oxide, AlFeO,,, dat isomorf is met Ga^ Fe 0_ en aan ß-Gao0_ u
 ' 3 2-х χ 3 2 3 
met ijzer gesubstitueerd voor gallium. Deze laatste verbinding is stabieler 
dan Ga„ Fe 0_ wanneer χ < 0.7· 2-х χ 3 
Hoofdstuk V is gewijd aan Boracieten, complexe ferroelektrische ver­
bindingen met samenstelling: Me^B O^X, waarin Me een tweewaardig metaal 
voorstelt en X een van de halogenen Cl, Br of I. Onderzocht werden ijzer 
en nikkel boracieten. Afgezien van de voor de hand liggende bepaling van 
de temperatuur afhankelijkheid van de kwadrupool interakties, werd spe­
ciaal aandacht geschonken aan de veranderingen in vibratie amplitude van 
de ijzer ionen bij de overgang van de kubische paraelektrische fase naar 
de rhombische ferroelektrische fase. De Mössbauer metingen hebben geleid 
tot de ontdekking van een trigonale phase van de ijzer-boracieten. De kwa-
drupool splitsing die werd waargenomen in de kubische fase, was onverwacht 
klein en nam toe met stijgende temperaturen. Voor dit gedrag werd een kwa-
litatieve verklaring gevonden met behulp van Kristal Veld Theorie. De kwa-
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drupool interaktie in de twee andere fasen van de horacieten werd niet in 
detail onderzocht. Er is echter een duidelijke invloed van de permanente 
elektrische polarisatie. 

Aan het einde gekomen van dit proefschrift vil de schrijver graag al 
diegenen vermelden, die op enigerlei manier een aandeel hebben gehad in 
het tot stand komen van dit proefschrift. 
Enkelen heb ik reeds in de tekst van mijn erkentelijkheid doen blij-
ken. F. de Weerdt droeg bij tot de ontwikkeling van de apparatuur. W.M. 
Polak heeft vele metingen uitgevoerd en uitgewerkt. 
Röntgendiffraktie opnamen vermeld in Hoofdstuk IV werden gemaakt door 
Dr. J.A. Cras en Dr. P.T. Beurskens. Met de eerste mocht ik vele verhelde-
rende gesprekken voeren. 
De dienstverlenende afdelingen wil ik gaarne bedanken in de personen 
van de Heren J. van Langen en J. van Bommel. 
Mia Hoogenboom typte en hertypte vele bladzijden manuscript. 
Dankbaar ben ik ook voor de stimulerende belangstelling steeds ervaren van 
de leden van de Werkgroep voor Atoom- en Molekuulfysika. 
The investigation on boracites would not have been possible, without 
the cooperation of Dr. E. Ascher en Dr. H. Schmid, to whom I am indebted 
for their willingness to share with me their knowledge and experience. Es-
pecially Hans Schmid has spent much time and effort in the preparation of 
the samples used in this investigation. 
De illustratie en druk van dit proefschrift werden verzorgd door res-
pektievelijk de Heren J. Gerritsen en F. Cotteleer. 
ERRATA 
Page Line 
11 5,7 Fig.5.19. should read Fig.5.18. 
±1 ±1 
22 5 Q1 -> Q 2 
3h 1 Eq(3.37) should read: 
2ε = (1-R) γ e2Q <r~3> 
3 with <r~3>0, = U.8 a.u. 3d 
36 12 . kGauss •* Gauss 
85 In Fig.5.1^·, the symbols 2ε , 2ε ?, 2ε_ and δ should be 
drawn in as in the previous Figure. 
9б Е(і(5.М should read: 
V
c =
 r 2 4 Z20 + ^іо Ko + ^ k k *lk 
99 2k y22Q - y
C
20 
102 20 2ε = U.O mm/sec •+ 2ε - 1.0 mm/sec. 
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